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Abstract 
The research contained within this thesis formed part of an Engineering and Physical Sciences Research 
Council (EPSRC) funded project based at Loughborough University, which aimed to investigate the use of 
additive manufacturing (AM), and in particular sintering technologies, for the production of running 
footwear sole units. 
Laser sintering (LS) is an AM process which produces parts directly from a computer aided design (CAD) file 
by selectively fusing successive layers of powdered material using a CO2 laser. LS imparts significant 
advantages over traditional manufacturing techniques including extensive design freedom, the ability to 
manipulate the local properties of a single material part as well as economical manufacture of bespoke items 
due to the elimination of tooling. 
Modifying the mechanical properties and/or geometry of sole units has been shown to provide benefits in 
the areas of performance, injury risk reduction and comfort, especially when considering elite athletes on a 
subject specific basis. Given the attributes of LS outlined above, the technology offers significant potential to 
produce sole units offering high added-value compared to conventional counterparts which are limited by 
the constraints of traditional processing techniques such as injection moulding. However, the mechanical 
capacity of LS polymers in context of such application was unknown. 
Accordingly, this research investigated the suitability of a laser sintered elastomer (LSE) material, in view of 
key selected mechanical properties, for the manufacture of running shoe midsoles. The midsole is the 
primary functional component in the sole unit of a running shoe used for distance running on hard surfaces. 
Following a preliminary assessment of the selected LSE (TPE 210-S), a new dynamic test method was 
designed to assess the compressive, fatigue and time dependent recovery properties of midsole material 
specimens under loading conditions representative of in-service use. The method was successfully 
implemented on an electro-mechanical test apparatus (previously unreported upon in literature) and used 
firstly, to benchmark the aforementioned properties of a range of ethylene vinyl acetate (EVA) and 
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polyurethane (PU) midsole foams representative of the range currently used in production, and secondly, to 
establish the same property set for TPE 210-S specimens produced across a range of laser powers (LP's). 
Initial cycle operating ranges in terms of key compressive properties were established for EVA and PU 
materials. All conventional variants showed considerable deterioration from these initial values over the 
125,000 cycle test regime, but subsequently demonstrated partial recovery when left unloaded post-test. PU 
grades generally exhibited better fatigue performance and findings were consistent with those of previous 
studies. Whilst variation in LP facilitated linear variation in displacement and stiffness properties for TPE 210-
S, all specimens yielded a stiffer and more elastic response than that of conventional foams at the outset; 
initial compressive operating ranges, whilst within close proximity, did not overlap. However, fatigue 
performance was found to be superior with only relatively small property changes occurring over the test 
regime regardless of LP. Furthermore, no signs of catastrophic specimen failure (e.g. cracking) were visually 
apparent. In this respect the material showed good suitability for midsole applications, but further work is 
required to address increasing the available compressive property range which fell outside the scope of this 
work. 
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Chapter 1 
1. Introduction 
Introduction 
1.1. Research Context 
This research formed part of an Engineering and Physical Sciences Research Council (EPSRC) funded project 
titled; ‘Personalised Sports Footwear: from Elite to High Street’. The project involved three Loughborough 
University research groups, Additive Manufacturing, Sports Technology and Design Ergonomics, working in 
conjunction with a number of industrial partners including New Balance and 3D Systems. The project 
investigated the use of additive manufacturing (AM), and in particular sintering technologies, to produce 
sole units for running footwear. 
Modifying the mechanical properties and/or geometry  of sole units has been shown to provide performance 
benefits especially when considering elite athletes on a subject specific basis. In addition, injury risk 
reduction and improved comfort can be achieved through the same means; factors perhaps more pertinent 
considering the recreational user. 
Current sole unit designs are limited in their ability to provide such advantages as conventional 
manufacturing methods (i.e. injection moulding) are restricted by inherent design for manufacture (DFM) 
constraints and the high costs associated with tooling dictate mass-production; hence a discrete range of 
designs which do not necessarily meet the athlete’s needs. In contrast, with extensive geometrical freedom, 
the ability to manipulate properties both globally and locally within a single material part, as well as scope 
for economic production of single-unit volumes, laser sintering (LS) could facilitate manufacture of 
personalised sole units offering high added-value compared to a current mass-produced counterpart. 
The EPSRC project investigated a wide variety of aspects relating to the production of sole units for both 
track spikes (for sprinting) and running shoes (for distance running) using the LS process, ranging from the 
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technical detail of design and manufacture to commercial feasibility and consumer perceptions. All were 
conducted with a view to improving performance, reducing injury risk or enhancing fit/comfort by utilising 
the benefits afforded by AM processes. 
1.2. Scope of PhD Research 
The research contained within this thesis focuses on the use of commercially available laser sintered 
elastomer (LSE) materials for the manufacture of running shoe midsoles. The midsole is the primary 
functional component in the sole unit of a running shoe, used for distance running on hard surfaces. Using 
mechanical tests, their capacity to provide suitable functional performance and therefore potential to offer 
advantages over conventionally manufactured midsoles has been investigated. 
1.3. Thesis Structure 
Figure 1.1 illustrates the thesis structure which consists of five main stages; literature review, initial 
experimental work, test method design, core experimental work and conclusions. The literature review 
(Chapters 2 - 4) covers the areas of AM and LS as well as various aspects of running and running footwear. 
The key findings from each of these sections are then brought together to define the focus of the research in 
Chapter 5. Chapter 6 deals with selection of an LSE and initial mechanical testing to assess its suitability. 
Chapters 7 and 8 cover the design and development of a new dynamic test method; Chapter 7 builds upon 
literature presented in Chapter 4 to define all key parameters and Chapter 8 details implementation and 
optimisation of certain aspects of the method on the selected test apparatus. The core experimental work is 
then presented in Chapters 9 and 10, both of which employ the new test method in order to assess and 
compare the long-term mechanical performance of a range of conventional midsole materials and the 
selected LSE. Finally, Chapter 11 discusses findings of the research and draws key conclusions and Chapter 12 
suggests further work to be undertaken. 
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Figure 1.1 - Thesis structure 
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Chapter 2 
2. Additive Manufacturing 
Additive Manufacturing 
2.1. Definition and Overview 
AM, also sometimes referred to as rapid manufacturing (RM), is the collective term assigned to a group of 
manufacturing processes which fabricate three-dimensional (3D) components directly from a computer-
aided design (CAD) file using an additive or layer-by-layer approach (1). 
The first commercially available AM system (stereolithography) was introduced by 3D Systems in 1988 (2). 
During its infancy, AM technology was known as rapid prototyping (RP) as product prototyping was its 
primary application. However, considerable technological developments and increased utilisation for end-
use part manufacture have resulted in adoption of the term additive manufacturing. 
This chapter briefly describes the various AM process types and highlights the advantages they offer over 
traditional manufacturing routes. In addition, examples of their application in a variety of industries are 
provided before future development of the technology is discussed. 
2.2. Processes 
There are currently over twenty different recognised AM processes which can fabricate parts in a range of 
polymer, metal and ceramic materials (3). Whilst hardware, build procedure and build material vary greatly 
from system-to-system, there is a core process common to all AM technologies which is outlined in Figure 
2.1. 
Several methods exist for classifying the numerous AM processes. Various authors (2–4) categorise systems 
according to the starting form of the build material, e.g. liquid, powder and solid. However, this results in 
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groupings of completely disparate technology types. Pham (5) describes a more comprehensive, two-
dimensional (2D) classification system, which organises processes based upon the nature of layer 
construction and material type. 
 
Figure 2.1 - The core process steps common to all AM technologies [information from (1,2)]. 
Table 2.1 specifies the main AM process classifications as set out by Gibson et al (6), whose approach 
considers the type of machine architecture and materials transformation physics. For example, systems 
which use a common/similar architecture for sequentially stacking layers of powder and a thermal source to 
Step 1: A CAD model of the desired part is produced; the model must be represented as 
closed surfaces which define an enclosed volume. 
Step 6: The completed part is removed from the machine. 
Step 2: The CAD file is converted to a standardised file format before being transferred 
to the AM machine software. STL is the de facto standard in which all surfaces of the 
model are approximated by a series of tessellating polygons. 
Step 4: The STL file is input to the machine software where it is sliced into 2D cross-
sections all of a predefined thickness. Each cross-section corresponds to a single layer in 
the part build. 
Step 5: Each 2D cross-section is recreated sequentially by the machine to form the 3D 
part.  
Step 3: The STL file must be checked for errors and repaired if necessary. Third party 
software is typically used. 
Step 7: Post-processing is undertaken which may involve removal of support structures 
from the part and can include additional finishing operations such as sanding and 
machining. 
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fuse the powder together are classified as powder bed fusion processes. In the table each classification is 
briefly described and primary associated material types as well as key technologies listed. 
Process classification Description 
Primary material 
type(s) 
Key technologies 
Photopolymerisation 
Processes which use radiation curable liquid 
resins (photopolymers). When irradiated, a 
chemical reaction (photopolymerisation) occurs 
causing solidification of the resin. Most systems 
are ultraviolet (UV) based and various methods 
for selective curing exist. 
Polymer 
Stereolithography (SLA), 
Digital Light Processing 
(DLP) 
Powder bed fusion 
Processes which sequentially stack layers of 
powder and use a thermal source(s) to fuse the 
powder particles together within a prescribed 
region. Scanning lasers are the most common 
way of achieving fusion, but other technologies 
are also used. 
Polymer, metal  
and ceramic 
Laser Sintering (LS), 
Selective Laser Melting 
(SLM), Electron Beam 
Melting (EBM) 
Extrusion 
Processes where either molten or ‘wet’ material 
(contained within a reservoir) is forced through a 
nozzle under pressure, solidifying as it cools or 
due to chemical change, e.g. reaction with air. 
Polymer 
Fused Deposition Modelling 
(FDM) 
Printing 
Processes utilising ink-jet printing technology to 
either dispense all of the build material (direct 
printing) or a binder onto the bulk material in 
select regions (indirect/binder printing). 
Polymer, 
composite  
Multi-jet Modelling (MJM), 
Three Dimensional Printing 
(3DP) 
Sheet lamination 
Processes using build material in sheet form 
which is stacked and then cut or cut and then 
stacked. Various sheet cutting and bonding 
strategies exist. 
Paper, polymer, 
metal 
Laminated Object 
Manufacture (LOM), 
Ultrasonic Consolidation 
(UC) 
Beam deposition 
Processes which use a focused thermal source 
(typically a laser) to melt material as it is 
deposited from powder or wire feedstock. 
Metal Laser Powder Forming (LPF) 
Table 2.1 - AM process classifications and associated technologies [information from (6)] 
The above offers only a brief overview of AM processes and highlights the breadth of available systems. 
Various authors (3,7–10) provide detailed descriptions of the key technologies listed as well as others, as this 
list is far from exhaustive.  
As previously mentioned, this research is concerned with LS; a powder bed fusion technique which produces 
parts by selectively fusing successive layers of powder using a CO2 laser (11). Sintering occurs in a selected 
region scanned by the laser on each layer that corresponds to a 2D slice of the 3D geometry (12). Chapter 3 
provides a comprehensive review of LS. 
2.3. Advantages 
The principal advantage of AM processes is the extensive design freedom facilitated by their layer-wise 
approach. Unlike traditional formative and subtractive manufacturing methods, no tooling is required and 
hence the DFM constraints associated with these techniques are
prototype running shoe with an LS midsole insert
any traditional manufacturing process and it demonstrates the geometric complexity afforded by additive 
technology. 
 
 
Figure 2.2 - Prototype running shoe with LS midsole insert
The aforementioned attributes extend
optimised for their specific function with 
paramount when parts are to be machined or moulded. The
application without having to balance this with an array of DFM 
properties (both the global and local)
material, can be 'designed into' components using the available design freedom 
structures can readily be manufactured from a rigid polymer 
Typically, when using traditional processes such as injection moulding, production volumes must be 
significant to amortise the (usually high) costs associated with tooling. The elimination of tooling in AM 
means that low production volumes, or even co
(14). The manufacture of bespoke/personalised items using AM is further enhanced by the fact that part 
complexity is not linked to cost (17) 
the CAD design from which parts are dir
Additional advantages over traditional manufacturing routes include, 
consolidation and the ability to fabricate assemblies as one. Hopkinson and Dickens 
provide further details. 
 
Chapter 2
 no longer valid (13,14)
; the series of interwoven struts could not be fabricated via 
 
 
 beyond enabling elaborate geometry. Parts can be designed and 
minimal need to consider how they will be 
 designer can therefore focus on the intended 
constraints (6). Furthermore
 which may otherwise be dictated by the intrinsic properties of the 
(15)
(16). 
mpletely bespoke products, become economically viable 
and biometric data obtained from an individual can be incorporated into 
ectly manufactured (6). 
time and cost savings, 
LS midsole insert 
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. Figure 2.2 shows a 
 
manufactured, which is 
, mechanical 
. For example, compliant 
part 
(17) as well as Hague (18) 
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2.4. Example Applications  
Owing to the advantages outlined in the previous section, AM is used for end-use products in a range of 
sectors including aerospace, automotive, medical and consumer. A selection of examples are described 
below. 
AM derived parts are fitted onboard Boeing's F/A-18E/F Super Hornet; a fighter aircraft used by the US Navy. 
LS is used to manufacture ducting for cooling avionic systems as well as other associated components. The 
technology facilitates complex ducting configurations to suit the restricted design space which offer weight 
and cost savings over conventionally manufactured alternatives (19). In addition, Saab Avitronics use AM 
processes to produce components for unmanned aerial vehicles (UAV's) and other applications (20). 
AM is commonplace within Formula 1 motor racing. The Renault Formula 1 team use LS to manufacture a 
number of parts for their race cars, such as cooling ducts (see Figure 2.3 left) and aerodynamic fins. In this 
way, modifications can be implemented quickly and at significantly reduced cost (21). 
  
Figure 2.3 - LS cooling duct for Renault F1 race car (left) (21) and personalised hearing aid shells manufactured via DLP (right) (22) 
The above are examples of very low volume manufacture. One of the more prevalent uses of AM has been in 
the hearing aid industry where it has been employed for the mass production of personalised devices. For 
instance, Siemens produce in-the-ear hearing aid shells using LS, SLA or DLP (see Figure 2.3 right) into which 
standard electronic components are assembled. A silicon impression of the patients ear canal is taken, which 
is then digitised using a 3D scanner. The resulting point cloud data is fed into CAD software where design 
features are added and placement of the electronics within the personalised shell configured. Shells are then 
manufactured in batches (23).  
End-use applications also extend to the consumer sector. A good example of this is Freedom of Creation 
(FOC). FOC are a design and research company specialising in the use of AM technologies who market a 
range of products which includes furniture, lighting, jewellery and accessories such as mobile phone covers 
(24). A selection of FOC pieces are shown in Figure 2.4. 
Figure 2.4 - Examples of FOC products; nest of stools (left), light shade (centre), bracelet (top right) and mobile phone cover (bottom 
right) (24) 
2.5. Technology Development
Despite the advantages AM imparts over traditional 
the fact the economics of AM for medium to high production volumes 
with processes such as injection moulding 
limit its more widespread application. 
material range; accuracy, surface finish and typically mechanical properties which seld
conventionally produced equivalents; lack of r
and high costs associated with hardware and materials
Ongoing developments by machine manufacturers and research by universities and othe
address these problems. Furthermore, entirely new processes are being developed which aim to improve 
upon current technologies in view of these drawbacks. An example of this is High Speed Sintering (HSS); a 
powder bed fusion technique developed at Loughborough University. HSS shares core principles with LS, 
however, instead of using a scanning laser, an ink
material (RAM) onto the powder layer which is 
containing the RAM absorb sufficient thermal energy from the lamp to initiate sintering, whereas 
surrounding areas do not and remain as powder. 
and reduced machine cost compared to LS 
AM is still in its infancy (3) and such developments coupled with continued 
make AM a viable competitor to traditional 
beyond those outlined in Section 2.4
Chapter 2
   
  
manufacturing methods (as outlined in
have been shown to be competitive 
(25,26), additive technology suffers from a number of issues which 
Wohlers (27) outlines the primary issues as: 
epeatability (in terms of mechanical properties and accuracy)
. 
-jet print head selectively deposits a radiation absorbing 
subsequently exposed to an infrared
HSS facilitates faster build speeds, higher feature resolution 
(28,29). 
process 
manufacturing routes considering industries and
, resulting in furthered utilisation for end-use part manufacture.
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 Section 2.3) and 
low build speed; limited 
om match 
; 
r institutes looks to 
 (IR) lamp. Areas 
research will inevitably 
 applications 
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2.6. Summary 
This chapter provided an overview of AM in terms of key processes, the significant advantages they can offer 
over traditional manufacturing methods and examples of their use in a variety of sectors. The following 
chapter examines LS in detail which is the technology employed within this research. 
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Chapter 3 
3. Laser Sintering 
Laser Sintering 
3.1. Definition and Overview 
As described in Section 2.2, LS is an AM process which produces parts by selectively fusing successive layers 
of powder using a CO2 laser. Sintering occurs in a selected region scanned by the laser on each layer that 
corresponds to a 2D slice of the 3D geometry.  
A range of polymer, metal and ceramic powders can be used to produce functional engineering parts using 
LS (11). One of the key advantages over other AM technologies is that the material used to produce one 
layer provides support to the next and subsequent layers, thus eliminating the need for additional support 
structures and maximising design freedom (3,30). 
This chapter firstly outlines the basic principles of LS before build procedure, hardware and material range 
are discussed in detail. The mechanical properties of LS parts are then examined and the final section of the 
chapter covers part accuracy and feature resolution. Unless otherwise stated, all sections are written with 
reference to polymer LS and 3D Systems hardware. 
3.2. Basic Principles of LS 
Sintering describes a powder processing technique in which adjacent particles of a powder mass are bonded 
by application of thermal energy and often pressure. Two primary classifications of sintering exist; solid state 
and liquid phase. Solid state sintering occurs when the powder mass is densified wholly in a solid state, 
whereas liquid phase sintering describes the coexistence of both solid and liquid phases (31,32). German (31) 
and Kang (32) describe the classification and various type of sintering process in detail. 
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LS is a type of liquid phase sintering performed in a pressureless environment and involving a partial to 
complete melting of the powdered material (33). With reference to Figure 3.1, the energy supplied by 
heaters and the laser raises the temperature of the material beyond its melting point at which point 
sintering begins. The outer regions of the powder particles melt first, necks form at the contact points 
between adjacent particles (as shown in Figure 3.2) and the liquid phases begin to coalesce around the 
particle cores which often remain solid. Once the energy source is removed, the molten regions cool and 
return to their solid state. Typically some degree of porosity will be present. Kruth et al (33) provide a 
detailed report of consolidation phenomena in LS. 
 
Figure 3.1 - Schematic of liquid phase sintering in LS [redrawn from (34)] 
 
Figure 3.2 - Particle neck formation in LS (31) 
3.3. Build Procedure 
3.3.1. Build Process 
Thermal 
energy 
Powder particles 
Porosity 
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Liquid phase 
Particle core 
Coalesced particles 
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Remaining particle core 
 
Powder particles 
Neck 
20 µm 8 µm 
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Prior to building, an STL file of the required part must be produced and prepared as outlined in Figure 2.1. 
The STL file is loaded into the machine software which automatically slices it into 2D cross-sections of a 
predefined thickness. The user must then select the location and orientation of the part within the build 
volume. 
The build process itself can be broken down into three key stages; warm-up, fabrication and cool-down (35). 
The various steps involved in each stage are outlined below with reference to Figure 3.3, which shows a 
schematic representation of the LS process. 
 
Figure 3.3 - Schematic of the LS process 
Warm-up: The first part of the warm-up phase involves purging the build environment with nitrogen to 
create an inert atmosphere, thus preventing oxidation of the powder being sintered (30). The powder in the 
feed chambers is then preheated to an elevated temperature. Before fabrication, a number of powder layers 
are deposited onto the build platform (as described below) and the powder at the part bed surface is raised 
to a temperature just below the melting point of the build material. In this way, the laser only adds an 
incremental amount of power to initiate melting of the desired cross-section, which minimises thermal 
gradients and therefore part distortion. For this same reason powder in the part build chamber is controlled 
at an elevated temperature (35,36). Goodridge et al (15) as well as Pham et al (35) describe powder heating 
and control in further depth and in relation to specific machine architectures. 
Fabrication: Once the desired preheat temperatures are reached fabrication begins according to the 
following procedure: 
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1. The build platform increments down by one layer thickness (typically 0.1 mm) and the left feed chamber 
rises, presenting powder to the roller. 
 
2. The counter-rotating roller traverses across the part build chamber, spreading the raised portion of 
powder across the lowered part bed surface, to a thickness determined by the distance the build 
platform lowered. Excess powder is pushed into the right overflow bin and the roller remains at the right 
hand side of the build environment. 
 
3. The laser scans the 2D cross-section corresponding to the first slice through the part, fusing (sintering) 
the particles where it impinges the part bed surface. (On older systems, the laser beam positioning is 
achieved by two galvonometrically-controlled mirrors situated in the optical path of the laser beam (30), 
however, more modern machines use digital scanning systems (37)). 
 
4. The build platform lowers by one layer thickness again and the right feed chamber rises. 
 
5. The roller traverses across the build chamber in the reverse direction spreading a new layer of powder 
over the previously sintered layer. 
 
6. The laser scans the next 2D cross-section (corresponding to the next slice through the part) which bonds 
to the previous layer. 
 
7. The above steps are repeated until the part is complete, at which point a number of additional powder 
layers are deposited. 
Cool-down: Once the fabrication stage has finished, the unsintered powder and parts within the build 
chamber are collectively referred to as the 'part cake'. The part cake must be left to cool sufficiently before 
parts are broken out, otherwise they may warp/distort due to uncontrolled shrinkage resulting from high 
thermal gradients (15). Typically, the part cake remains in the part build chamber for some time, after which 
it may be removed to cool further in an ambient environment. The cooling time varies depending on build 
material and height, part volume as well as the LS machine design, but generally ranges between 25 to 50 
hours (35). 
3.3.2. Powder Preparation and Handling  
Every LS build results in a large quantity of unsintered powder, which exists within the part build chamber 
and is collected in the overflow bins from the action of laying powder layers. This powder can be reused, 
however, the heating cycle during the build changes material characteristics. With repeated builds of used 
powder, part quality as well as the ability to build eventually decrease (38,39). 
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Standard industry practice is to blend virgin powder with used in an attempt to maintain part quality and 
minimise waste. Whilst ratios vary depending upon material type and operator, for DuraForm PA (one of the 
most commonly used commercial LS materials) a 25 - 33 % virgin portion is typical. Used powder should be 
sifted and the used-virgin mix tumbled prior to use in order to ensure consistency throughout the build 
volume (39). However, this technique does not eliminate variation between builds as the quality of the 
recycled content will fluctuate based upon its thermal history (35). 
An alternative approach, described by Gornet et al (39) is to use melt index (MI) as a metric to track powder 
condition. MI measures the flow rate of molten plastic and can be directly linked to part quality/properties. 
By measuring MI, specific mixing portions can be determined on a per batch basis to achieve greater 
repeatability between builds as well as establish when used powder should be disregarded completely. 
Where virgin powder alone is used, no special preparations are required; it can be loaded directly into the 
machine. However, due to its high cost, virgin powder is generally only used for research purposes or where 
the highest part quality is demanded (40). 
3.3.3. Build Parameters 
The operator has control over the build layout (part location and orientation) as well as a range of build 
parameters. Whilst manufacturers provide default build parameter sets for specific materials, it is found that 
individual machines require variants on these to achieve optimum results. This is true even when considering 
two machines of identical specification (41). Consequently, there are no universally accepted criteria with 
regard to build parameters and suitable values are often established using a trial-and-error approach (42). 
The key build parameters involved in the LS process are defined below using 3D Systems terminology and 
information from (12,15,42,43). 
Laser power (LP):  The applied laser power in Watts at which each 2D cross-section is scanned. 
Two independent settings exist; outline and fill laser power. 'Outline' refers to 
the perimeter of each 2D cross-section and 'fill’ to the remaining area contained 
within this perimeter. 
Fill scan spacing (SS):  The distance in millimetres between two neighbouring parallel scan vectors. SS 
is set according to the laser beam diameter. 
Beam speed (BS): The speed in metres per second at which the laser beam traverses each scan 
vector. 
Scan count (SC):  The number of times the laser beam traverses each scan vector on the same 
layer. The default setting is one and separate values exist for outline and fill 
scans. 
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Part heater set point: The temperature in degrees centigrade at which powder at the part bed surface 
is controlled. (Separate settings exist for each feed chamber and the build 
chamber also). 
Powder layer thickness:  The thickness in millimetres of each powder layer determined by the depth the 
build platform lowers. The default setting is 0.1 mm. 
By altering these parameters the operator can modify the mechanical properties and physical appearance of 
parts, details of which are discussed in Sections 3.6 and 3.7 respectively. 
3.3.4. Post-Processing 
Post-processing describes all operations which follow removal of components from the part cake. Firstly, 
surrounding or encased powder is brushed, scraped or blasted from the part using compressed air. This 
powder is sifted and used in subsequent builds as described in Section 3.3.2. For rigid polymers, glass bead 
blasting is often also employed to remove any remaining unsintered powder (30). Components subjected to 
this process are commonly rinsed/soaked in clean water to remove any residual blast media. 
Further post-processing techniques may be performed depending upon part application. Examples include 
sanding or tumbling to improve surface finish, machining to increase dimensional accuracy as well as 
painting or dying to enhance aesthetics. Post-processing is discussed further in Section 3.6.1.3 in relation to 
the mechanical properties of parts. 
3.4. Hardware 
The first LS machine was developed at the University of Texas at Austin in 1986. In the following year DTM 
Corporation was founded who commercialised the first system (Sinterstation 2000) in 1993 (30). The process 
was originally designed for producing plastic prototypes from polyamide (PA) powders (6), however, DTM 
developed the technology to enable processing of additional polymers as well as metals and ceramics (3). 
Early systems were designed to process all three material types in the same apparatus. 
Today, 3D Systems (formerly DTM) and Electro Optical Systems (EOS) are the two major manufacturers of 
this technology worldwide. Both companies market a range of material-specific hardware (37,44). In terms 
of polymer processing, 3D Systems currently offer three core model designations, however, various 
specification levels are available for each. Key differences between models lie in build volume, and higher 
specification machines utilise superior imaging systems capable of faster scanning speeds which increase 
build rate (37). 
EOS currently produce four polymer LS systems (44) which work according to the same basic principles as 
their 3D Systems counterparts, but differ primarily in terms of the way powder layers are deposited. 
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Depending on the specific model, EOS use a pivoting recoating blade or a recoating device filled with a 
measured amount of powder which deposits a new layer as it traverses the part build chamber. In contrast, 
all 3D Systems machines use a counter-rotating roller to spread each powder layer as previously described. 
Further differences between manufacturers hardware are apparent in terms of powder delivery and heating 
systems (15). 
Primary variations in the EOS model range also lie in the capacity to produce large parts and build speed. 
One of the larger machines (EOSINT P760) uses a double laser system to facilitate higher throughput. In 
addition, the EOSINT P800 enables much higher process temperatures than other machines (up to 385 °C). 
This increased processing window enables manufacture with a wider range of polymer materials (44).  
3.5. Materials 
3.5.1. Types of Sintering Polymer 
Both amorphous and semi-crystalline polymers can be processed using LS. Amorphous polymers (e.g. 
polycarbonate, PC) do not exhibit a distinct melting temperature (Tm). When heated above their glass 
transition temperature (Tg) they gradually soften, eventually reaching a liquid state with no clear transition. 
Typically, these materials are processed by preheating the part bed surface to a temperature just below Tg, 
with the laser adding enough energy to initiate sintering above Tg (33). Only partial consolidation and 
significant residual porosity result, meaning that parts suffer from low strength compared to traditionally 
processed counterparts. Consequently, their functional application is limited (15). One advantage of 
amorphous polymers is that low levels of shrinkage upon cooling enables the manufacture of components 
with high dimensional accuracy (33). Production of patterns/masters for casting/moulding applications is 
therefore a primary area of application for this material type (4).  
In contrast, semi-crystalline polymers do not gradually soften, but change rapidly from a solid to a viscous 
liquid at a defined Tm. Processing involves preheating the part bed surface to a temperature just below Tm, 
with the laser adding enough energy to enable complete melting (33). Semi-crystalline polymers (e.g. PA) 
can be processed to produce near-full density parts exhibiting mechanical properties comparable to injection 
moulded equivalents (15). However, significant levels of shrinkage upon cooling, with a notable step-change 
in volume as the material cools through Tm, leads to issues with part accuracy (4,42). 
3.5.2. Commercial Polymer Materials 
3D Systems and EOS provide a variety of polymer materials for their machines. Advanced Laser Materials 
(ALM) specialise in materials development for powder-based AM systems (45) and supply a comparable 
range. Table 3.1 lists a selection of materials from all three major suppliers along with key properties. Whilst 
the table is not exhaustive (of every variant offered) it covers all main polymer types available. 
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Material name (and additional details) 
Manu-
facturer 
Sintered 
part 
density 
(g/cm
3
) 
Ultimate 
tensile 
strength 
(MPa) 
Tensile 
modulus 
(MPa) 
Elongation 
at break 
(%) 
Hardness 
(Shore A 
or D) 
Polyamides 
DuraForm PA (PA 12) 3DS 1.00 43 1586 14 73 (D) 
PA 650 (PA 12) ALM 1.02 48 1700 24 - 
PrimePart (PA 12) EOS 0.93 50 1700 24 75 (D) 
DuraForm EX (PA 11) 3DS 1.01 48 1517 47 74 (D) 
PA 860 (PA 11) ALM 1.03 48 1475 51 77 (D) 
PrimePart DC (PA 11) EOS 0.96 50 1550 48 68 (D) 
Filled polyamides 
DuraForm GF (PA 12/glass) 3DS 1.49 26 4068 1.4 77 (D) 
PA 615-GS (PA 12/glass) ALM 1.49 31 4100 1.6 - 
PA 3200 GF (PA 12/glass) EOS 1.22 51 3200 9.0 80 (D) 
PA 605-A (PA 12/aluminium) ALM 1.47 43 3709 3.3  
Alumide  (PA 12/aluminium) EOS 1.36 48 3800 4.0 76 (D) 
PA 601-CF (PA 12/carbon-fibre) ALM 1.07 66 2896 3.6 - 
CarbonMide (PA 12/carbon-fibre) EOS 1.04 72 6100 4.1 - 
DuraForm HST (PA 12/unspecified fibre) 3DS 1.20 48 - 51 
5475 - 
5725 
4.5 75 (D) 
Elastomers 
DuraForm Flex (non-infiltrated) 3DS - 1.8 7.4 110 45 - 75 (A) 
TPE 210-S (non-infiltrated) ALM 1.03 - 8.0 90-250 40 - 60 (A) 
Polystyrenes 
CastForm PS (infiltrated) 3DS 0.86 2.8 1604 - - 
PS 200 (infiltrated) ALM 0.86 2.8 1604 - - 
PrimeCast 101 (infiltrated) EOS 0.77 5.5 1600 0.4 - 
Others 
EOS PEEK HP3  EOS 1.31 90 4250 2.8 - 
Table 3.1 - Commercially available LS polymer materials ( -  indicates data not available) (37,44,45) 
Given their established history, PA 12-based materials are considered the default material for polymer LS. 
They are by far the most commonly used, making up more than 95 % of the current market (46). PA 11-
based materials offer increased impact-resistance and elongation over PA 12 (37). Further improvements in 
mechanical properties (relevant to specific applications) are seen by the addition of fillers and all suppliers 
offer a considerable selection of filled PA options. 
Aside from polyamides, a handful of polystyrene and elastomer materials exist. The former being intended 
primarily for investment casting applications (37,44). Furthermore, EOS have recently released a 
polyetheretherketone (PEEK) material developed for use on their EOSINT P800 platform mentioned 
previously (44). 
In addition to ALM and the major hardware manufacturers, a number of other companies also produce 
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polymer materials specifically designed for LS. Solid Concepts is an AM service provider who market a range 
of PA-based powders (47). The Italian company CRP Technology have developed a range of materials 
(Windform) which primarily comprises of filled PA's exhibiting superior stiffness and thermal properties for 
principal application within the motorsport sector (48). 
3.5.3. Other Polymer Materials 
Aside from the commercial options, some work has been conducted with alternative materials. The majority 
of studies consider a PA base with a micron-sized filler (49–52) or nanoparticles (53–57) to elicit/enhance 
specific mechanical or physical properties. In terms of the former, Majewski et al (49) identified that by 
adding controlled proportions of glass filler to DuraForm PA, that stiffness properties could be varied. They 
established a practical working range of filler level beyond the upper limit of which reduced ductility and 
catastrophic part failure was observed. Gill et al (51) investigated the processing characteristics and 
associated mechanical properties of a DuraForm PA-silicon carbide blend. Nanoparticles can be particularly 
advantageous as their high surface area to volume ratio can impart significant mechanical property 
improvements and compared to microparticles the required filler loading is typically much less (58). 
Very little published work has been conducted with distinctly new polymers. Goodridge et al (15) report on 
an 'experimental elastomer' material and Shi et al (59) investigate the processing of high-impact polystyrene. 
However, most studies considering new materials lie in the medical sector (60–65) where the available 
commercial range (with the exception of PEEK) does not offer biocompatibility (60). An example material is 
polycaprolactone (PCL) and applications are typically non-load bearing. 
Whilst the ability to theoretically process any material provided in powder form and that melts when subject 
to increased temperature is frequently citied as one of the major advantages of LS (11,51,66), in practice the 
range of useable materials is very small, especially when compared to traditional manufacturing processes 
such as injection moulding. 
3.6. Mechanical Properties 
3.6.1. Factors Influencing Mechanical Properties 
The mechanical properties of LS parts are not solely controlled by the base material, but are largely affected 
by the production process (12). Many factors including powder characteristics, part geometry and build 
parameters influence the mechanical properties of components (67). This sub-section discusses the most 
prevalent variables which have been categorised according to pre-, in- and post-process aspects. 
3.6.1.1. Pre-Process 
As previously described, repeated heating cycles within the LS apparatus cause changes in powder  
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characteristics. The thermal history and composition (i.e. virgin to used powder ratio) are therefore 
important factors in terms of mechanical properties. Gornet et al (39) showed increases in tensile strength 
over five successive builds using the same powder, however, in subsequent builds, this property was seen to 
decrease dramatically. Zarringhalam et al (68) identified significant improvements in elongation at break 
(EaB) as well as ultimate tensile strength (UTS) with used (part cake and overflow powder subject to one 
complete LS run) over virgin powder. Both studies were conducted with DuraForm PA material. 
As previously discussed, one of the key advantages of AM systems is the geometric freedom afforded by 
their layer-wise approach. This is maximised in LS as the powder surrounding the sintered region negates the 
need for a support structure which is required in other processes such as FDM and SLA. Such a benefit 
extends beyond facilitating extensive control over part shape/form; it means that mechanical properties 
which may typically be dictated by the intrinsic properties of the material can be 'designed into' the part (15). 
Various authors have exploited this feature. Toon et al (69) varied the geometry of LS PA 12 track spike 
outsoles in order to elicit changes in bending stiffness. Extension and flexion tests with fully assembled shoes 
(i.e. outsole combined with a conventional fabric upper) demonstrated a performance range which 
exceeded that exhibited by commercial track spikes. In addition, Faustini et al (16) investigated LS for the 
production of transtibial prosthetic sockets (see Figure 3.4) using DuraForm PA. Through use of design they 
achieved discrete areas of compliance to reduce contact pressure in an otherwise rigid component. 
       
Figure 3.4 - A transtibial prosthesis with an LS socket (70) 
3.6.1.2. In-Process 
The anisotropy of LS parts and the importance of part orientation within the build is well documented 
(12,42,71–73). Part orientation is specified by the machine axis along which the longest dimension of the 
part is oriented (12). In one study, using DuraForm PA parts built as shown in Figure 3.5, Ajoku et al (73) 
identified significant differences in mechanical properties based upon part orientation. Parts built in the x-
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axis demonstrated the highest tensile and compressive results, whilst those built in the z-axis exhibited the 
lowest. These findings, with superior properties in the plane of laser motion, are typical of those usually 
reported.  
 
Figure 3.5 - Orientation of test parts used by Ajoku et al (73) 
This anisotropy exists due to the varying levels of bonding which occur between particles in different axes. 
As the laser scans a single vector, powder particles melt and fuse with a neck diameter Dx, as shown 
schematically in Figure 3.6a. The time to taken to increment to the next parallel scan vector results in slight 
cooling of particles in the previous vector, hence Dy < Dx (Figure 3.6b). The particles have even more time to 
cool before a new layer of powder is deposited and scanning starts on the next layer. Therefore Dz < Dy < Dx 
as shown in Figure 3.6c and parts are weakest when force is applied perpendicular to the layer-to-layer 
bonds (73). This effect is exacerbated where the 2D cross-section is large and/or involves a complicated scan 
pattern, as the time taken for the laser to restart scanning on the subsequent layer is increased (15,73). 
 
Figure 3.6 - Schematic cross-sections of particle-to-particle bonding in x, y and z axes [redrawn from (73)] 
Isotropy can be increased by altering the laser scanning strategy. For example, some LS machines facilitate 
'cross-scanning' whereby the scan direction changes between x and y for alternate layers. This can minimise 
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variation (compared to a single scan direction), however, significant anisotropy will remain, meaning that 
intelligent part design and orientation in view of end-use application must be employed (15). 
As well as orientation, part location within the build volume is also important due to uneven thermal 
characteristics; the part bed is typically hotter at the centre than at the edges (74). This leads to variation in 
mechanical properties for the same reasons outlined above, i.e. it influences the degree of bonding between 
the powder particles. Various authors have investigated part location. Gibson and Shi (42) identified 
variation in tensile strength when parts were built at different z heights using a PA material. Tontowi et al 
(75) manufactured DuraForm PA blocks at 9 different xy positions and noted fluctuation in density based 
upon part location, which would inevitably affect mechanical performance. Finally, in a more substantial 
study, Goodridge et al (15) divided the part bed into 30 different zones and highlighted significant 
differences in tensile properties as a result of the inhomogeneous temperature distribution for both 
DuraForm PA and DuraForm EX specimens. 
Constraining parts to a reduced centralised build area or machine upgrades, such as improved heaters which 
achieve a more consistent temperature profile at the part bed surface (76), can be used to minimise 
variation. 
Section 3.3.3 identified the key build parameters in the LS process. Among the most influential and widely 
studied are those associated with the laser which determine the supplied energy density (ED). ED is defined 
as the amount of energy supplied to the powder particles per unit area of the part bed surface. It is a 
function of three laser parameters; laser power (LP) in Watts, fill scan spacing (SS) in mm and beam speed 
(BS) in mm/s described through equation 1. The unit of ED is J/mm2 (12). 
     (1) 
  
Caulfield et al (12) investigated the effects of ED on the tensile properties of DuraForm PA specimens. They 
found that up to a point, increased ED led to increases in Young's modulus, UTS and EaB owing to enhanced 
particle fusion and therefore part density. However, at ED's at the top of the tested range these values were 
seen to drop. Scanning electron microscope (SEM) images revealed that this was due to powder particles 
being burnt/damaged by excessive heat from the laser. Ho et al (77) identified the same trends with PC 
powder. In both the aforementioned studies only LP was modified to alter the supplied ED, with SS and BS 
remaining fixed. However, in other work, variation of all three parameters is examined (42,67). 
A further laser parameter is scan count (SC). As described in Section 3.3.3, this is the number of times the 
laser beam traverses each scan vector on the same layer. The number of successive laser exposures can 
significantly affect the mechanical properties of parts independent of the applied ED (67). 
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Build parameters aside from those associated with the laser can also play an important role. Tontowi et al 
(75) discuss the effect of powder bed temperature and Ghanekar et al (78) consider powder layer thickness. 
As with all in-process factors discussed, influencing the degree of particle-to-particle bonding (and therefore 
part density) is the primary mechanism linking these parameters with the mechanical characteristics of 
parts. 
3.6.1.3. Post-Process 
Aside from post-processing procedures which are typically employed for all LS parts (e.g. air blasting to 
remove surrounding powder) or those used to improve dimensional accuracy and/or aesthetics (outlined in 
Section 3.3.4), specific techniques can be undertaken to manipulate the mechanical properties of parts. 
Gibson and Shi (42) report that coating PA parts with an off-the-shelf adhesive can increase tensile strength 
by way of pore infiltration. However, material type and build parameters are specified as more dominant 
factors in view of this property. Hopkinson and Zarringhalam (74) examined the effect of various post-
processing techniques on the mechanical properties of DuraForm PA parts. Using standard tensile and 
impact test procedures they discovered that thermal post-processing (consisting of a controlled heating and 
cooling cycle) as well as iso-static compaction acted to improve impact strength. In terms of tensile 
properties, thermal treatment was found to significantly increase both UTS and EaB values. 
Whilst laser sintered elastomers (LSE's) are functional directly from the LS platform (79), infiltration 
procedures are commonly undertaken with this material type. Polyurethane (PU) infiltrants are 
recommended and sold by manufacturers offering elastomeric options (37,80). The infiltrant fills porosity in 
the sintered part as shown in Figure 3.7 and can either be painted on or applied using vacuum equipment to 
achieve greater penetration into the part. Regardless of the procedure, air or oven curing is required after 
application. Infiltration enhances mechanical properties such as EaB and tear resistance as well as various 
other material characteristics including hardness and water resistance (80). 
     
Figure 3.7 - SEM images of non-infiltrated (left) and PU infiltrated (right) DuraForm Flex part (33) 
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3.6.2. Mechanical Properties of LSE's  
The majority of published work in the area of LS focuses on PA-based materials, either as a single material  or 
combined with others to enhance specific properties (as discussed in Section 3.5.3). Relatively very few 
studies have been conducted with LSE's. This may be due to the fact that compared to PA-based materials, 
their commercial introduction was recent (81,82), processing is typically more complex/less well understood,  
confidentiality reasons or a combination of these factors. To the author's knowledge, the following 
paragraphs summarise the extent of existing literature relating to this material group.  
A number of authors have investigated the use of LSE's for specific applications; Christensen et al (83) for 
prototype models to streamline the structural engineering design process, Zientarski (84) for pneumatic 
actuator components and Maheshwaraa-Namasivayam and Seepersad (85) for deployable structures. The 
latter comprise a closed/skinned lattice structure which can be stored in a compact configuration. A wing for 
a UAV which is inflated for deployment in the field (see Figure 3.8) was the primary focus of this work. In all 
cases, whilst physical prototypes were manufactured and evaluated using DuraForm Flex, specific 
mechanical properties of the material were not reported. 
  
Figure 3.8 - UAV wing folded (left), inflated (top right) and CAD image showing internal lattice structure (bottom right) (85) 
Goodridge et al (15) briefly discuss LSE mechanical performance, detailing tensile properties of DuraForm 
Flex and an experimental elastomer used at Loughborough University, in a study designed to illustrate the 
material dependent nature of delay time.  
Levy et al (79) provide probably the most comprehensive work relating to LSE's. In experiments conducted 
with DuraForm Flex they identified that Shore A hardness, Young's modulus, UTS and EaB all increased with 
LP across a 5 - 15 W range. Infiltration of parts with DuraForm FlexSeal (a proprietary infiltrant) was shown 
to further increase all parameters, but with varying levels of significance. The effects of a second build 
parameter, SS, were also examined. However, parts built at two different SS values exhibited only fractional 
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differences in tensile properties. Subsequently, the ability to produce functionally graded components from 
a single material was demonstrated using a 'simple flat sole' component with different LP's applied to five 
distinct areas. Shore A hardness values in the infiltrated part varied between 51.4 to 73.8, but no mechanical 
testing was undertaken. Maheshwaraa et al (86) also note that LP can be adjusted to modify the stiffness of 
DuraForm Flex, but provide no accompanying data.  
3.6.3. Other Pertinent Mechanical Property Research 
In terms of published studies considering the mechanical properties of LS polymer materials, the vast 
majority report tensile data. Some authors do consider other mechanical properties such as compression 
(43,50,73,87) and impact (14,72,74). For example, Ajoku et al (87) compared the compressive strength and 
modulus values of DuraForm PA parts with equivalent injection moulded specimens using an ISO test 
procedure. In addition, Silverman et al (72) carried out impact testing as part of a series of mechanical tests 
to identify differences between PA parts produced using two different specifications of LS machine. A 
standard Izod method was employed, which constitutes a single impact to failure. 
Single cycle tests to failure are the extent of almost all publications; a very limited number examine fatigue 
properties or in-service performance of LS polymer materials. Knowledge of more long-term behaviours is 
crucial if parts are to be employed for new end-use applications (15,88). 
Blattmeier et al (88) investigated the tensile fatigue properties of PrimePart specimens using a load increase 
method; a continuous test comprising sequences of varying maximum stress, which increased in amplitude 
per sequence and were separated by periods of recovery at a lower fixed maximum stress value. Loading 
frequency was constant at 10 Hz over the approximately 250,000 cycle regime. LS specimens were found to 
outperform injection moulded counterparts which failed during the test. These experiments were performed 
in an environmental chamber in order to keep the specimen temperature constant (23.5 °C) and eliminate 
thermal effects. 
In contrast, Van Hooreweder et al (89) examined the influence of temperature on fatigue performance in 
detail. PA 12 specimens were subjected to a fluctuating tension-compression load at three different stress 
amplitudes. Tests were performed at a constant frequency (3 Hz) to failure with specimen temperature 
recorded throughout (using a thermocouple and infrared camera). At lower stress amplitudes (< 18.9 MPa) 
fatigue life exceeded 1.6 x 106 cycles, however, at higher values significant increases in specimen 
temperature caused much more premature failure. 
3.7. Accuracy, Feature Resolution and Surface Finish 
In terms of accuracy in LS, a tolerance of at least ± 0.4 mm on all part dimensions is readily achievable. 
However, if process parameters are optimised for the material type and part being fabricated, an accuracy 
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greater than ± 0.2 mm on all dimensions and better than ± 0.125 mm on most dimensions can be realised 
(30).  
The main reason for inaccuracy in parts is shrinkage during fabrication and cool-down stages of the build. To 
compensate for this, scaling factors (typically calculated using empirical measurements taken from a 
standard test piece) are applied to the STL file in each direction. However, shrinkage is not necessarily 
uniform as it is influenced by a whole host of process factors as well as part geometry. For example, 
shrinkage of a new layer may be constrained by existing geometry or supporting powder within enclosed 
volumes. In addition, levels of volumetric change are strongly influenced by temperature which can vary 
based upon location within the build for instance (90,91). Various authors (91–93) discuss factors affecting 
part shrinkage and accuracy in detail. 
Considering feature resolution, laser beam diameter and powder layer thickness are the primary limiting 
factors. The former is typically around 0.4 - 0.5 mm (43,62) and the latter most commonly set at 0.1 mm as 
previously described. The laser beam diameter cannot be modified on current commercial machines (15) 
and whilst the operator has some control over powder layer thickness, it cannot be decreased indefinitely. 
Present 3D Systems hardware permits variation across a typical range of 0.08 - 0.15 mm (37). 
In experiments conducted with DuraForm PA, Eosoloy et al (43) report the ability to successfully 
manufacture scaffold geometries for bone tissue engineering applications with strut and pore sizes of 0.4 
and 1.2 mm respectively. Using the same build material and with focus on minimum feature size, Sriram et al 
(94) demonstrate an achievable hole diameter of 0.52 ± 0.02 mm. Below this value, holes were found to be 
fully infiltrated with powder and could not be measured.  
Surface finish is affected by powder characteristics (e.g. thermal history, particle size and packing density), 
build parameters and part orientation. The best surface finish is typically achieved when using virgin material 
and tends to degrade with repeated use of the powder, eventually becoming unacceptable as shown by 
Gornet et al (39). With PA materials, a very rough finish referred to in the industry as ‘orange peel’, 
commonly occurs with over used or degraded powder (95). Reducing particle size is known to improve 
surface quality, however, it can lead to issues with powder spreading as well as other problems (15). 
LS suffers from the same inherent 'stair-stepping' problem as all AM technologies. This results from its layer-
wise approach and particularly affects slight slopes (90) as shown in Figure 3.9. In a study examining the 
influence of multiple process parameters on the surface roughness of PA parts, Bacchewar et al (96) 
identified that whilst layer thickness and LP were significant, the dominant factor affecting surface roughness 
(considering both upward and downward facing surfaces) was stair-stepping due to part orientation. 
Consequently, intelligent part orientation is one of the simplest and most effective ways to optimise surface 
finish in LS. 
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Figure 3.9 - Schematic of part profile showing 'stair-stepping' effect 
3.8. Summary 
This chapter provided a detailed description of polymer LS in terms of build procedure, hardware, material 
types and available commercial material range. Factors influencing the mechanical properties of parts as well 
as additional areas of mechanical property research directly relevant to this work were comprehensively 
reviewed. In addition, the subjects of part accuracy, feature resolution and surface finish were briefly 
discussed. This information is used to help define the focus of this research in Chapter 5 and referred to in 
subsequent chapters documenting experimental work. The following chapter examines key aspects of 
running and running footwear. 
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Chapter 4 
4. Running and Running Footwear 
Running and Running Footwear 
4.1. Overview 
This chapter covers select aspects of running and running footwear relevant to this research. Firstly, key 
areas of anatomy, kinematics and biomechanics are covered, providing necessary background information, 
term definitions and quantitative data used in subsequent sections and later experimental chapters. The 
construction of a conventional running shoe is then discussed. The function, materials and manufacturing 
methods associated with each component are detailed with particular focus on the midsole. Following this, 
standard test methods for the mechanical assessment of midsole properties/performance are reviewed as 
well as approaches used within literature. The final part of the chapter discusses existing work relating to the 
use of AM technologies for footwear applications and examines the potential of LS for the manufacture of 
running shoe midsoles. 
4.2. Running| 
4.2.1. Foot Anatomy 
Figure 4.1 specifies the terminology associated with key anatomical features of the human foot. These terms 
are used in subsequent text when describing various running/footwear related aspects. 
4.2.2. Gait 
Human gait involves an alternating series of stance (when the foot is in contact with the ground) and swing 
(when the foot is airborne) phases, which vary in nature depending upon the speed of movement. The gait 
Chapter 4 | Running and Running Footwear 
 
 
 
 
 
29 
cycle is defined as the period from initial ground contact of one foot to the next initial contact of the same 
foot (97). 
 
 
 
 
 
Figure 4.1 - Skeletal anatomy of the human foot; dorsal view (above) and medial view (below) [modified from (98)] 
The demarcation between walking and running occurs when continuous ground contact of at least one foot 
gives way to periods where both feet are airborne during the gait cycle. Whilst there is no clearly recognised 
distinction between running and sprinting, ground contact taking place entirely on the forefoot typically 
marks the transition (99). The gait cycle is described below in view of typical distance running speeds (refer 
to Section 4.2.5 for details) with focus on the stance phase where the ground-shoe-foot interaction occurs. 
The stance phase is subdivided into three distinct stages as illustrated in Figure 4.2; impact, which describes 
touch-down of the foot, midstance, when both rear- and forefoot are in contact with the ground and push-
off, which refers to the period from rearfoot lift-off to the point the forefoot leaves the ground signifying the 
start of the swing phase (100). 
  
 
Figure 4.2 - Stages of the stance phase during running [modified from (98)] 
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The vast majority of runners impact the ground with their rearfoot/heel (101) (referred to as heel-strike in 
subsequent text). More specifically, initial contact is made with the lateral aspect of the heel, resulting from 
a natural tendency to swing the leg toward a line of progression underneath the midline of the body 
(97,102). Following this the foot pronates (rolls inward about the subtalar joint to the medial side) through 
impact and into midstance. Peak pronation normally occurs at around 40 % of the stance phase after which 
the foot begins to supinate (roll outward about the subtalar joint to the lateral side), ideally reaching an 
approximately neutral position (rearfoot and lower limb axes aligned) for push-off (97,99) as shown in Figure 
4.3a. Novacheck (99) provides details of the swing phase. 
 
Figure 4.3 - Schematic illustrations depicting (a) normal/neutral pronation (b) over-pronation and (c) under-pronation of the left foot 
during the stance phase of running [modified from (103)] 
The action of pronation helps distribute the forces associated with impact and is therefore beneficial (98) 
providing it occurs to a degree that would be considered normal (102). However, some runners will over-
pronate (as shown in Figure 4.3b); the foot rolls inward too far and remains in a pronated position 
throughout push-off. This biomechanical abnormality is associated with various injuries (100,104,105). 
Another condition, although much less common, is that depicted in Figure 4.3c whereby very little pronatory 
movement occurs and the foot remains on its lateral border throughout the stance phase (103). The 
concentration of force onto a small area means that under-pronation is also linked to injury (100,102). 
4.2.3. Ground Reaction Force 
The force generated between the foot and the ground during the stance phase is known as the ground 
reaction force (GRF). It is generally divided into three components acting at right angles as shown in Figure 
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4.4; the vertical component (Fz) which acts normal to the ground, the anteroposterior component (FAP) which 
acts parallel to the running direction and the mediolateral component (FML) which acts perpendicular to the 
running direction (106,107). 
 
Figure 4.4 - GRF components during running (106) 
GRF is measured using a force platform/plate, such as those produced by Kistler (108). Figure 4.5 shows 
typical Fz, FML and FAP force platform outputs (referred to as GRF profiles) for an individual exhibiting a heel-
strike pattern during normal running movements. Force is specified in terms of bodyweight (BW). 
The Fz component has two distinct peaks and is divided into passive and active phases (also referred to as 
impact and propulsion respectively). The passive phase describes the initial collision of the heel with the 
ground, whilst the active phase relates to the muscular effort applied during push-off to lift the body's mass 
vertically and propel the leg into the swing phase (106). This double peaked configuration is specific to a 
heel-striker; Cavanagh et al (109) compare vertical GRF profiles for runners with different foot-strike 
patterns. 
Various studies (110–112) have identified that during distance running the magnitude of both passive and 
active peaks is in the order of 2 - 3 times BW, with the former (normally the lower of the two) occurring in 
the first 20 - 30 ms and the latter within 80 - 90 ms. Table 4.1 specifies the vertical force range occurring 
during ground contact according to BW and indicates a likely maximum force between 1 - 3 kN. In terms of 
loading rate, Gotschall and Kram (113) identify average values associated with the passive component of 
approximately 35 kN/s. In this case, average loading rate equals the passive peak magnitude divided by the 
time between foot contact and occurrence of the passive peak. In other studies (110,114) higher average 
loading rates (up to approximately 65 kN/s) have been reported. 
 The FAP component also has two distinct phases, each of which account for typically half of the ground 
contact time. The initial (braking) peak results from heel-strike and opposes the forward motion of the 
runner. The secondary (propulsion) peak relates to push-off and is consistent with the direction of 
movement (106,112). Cavanagh and Lafortune (110) as well as Hawley (106) report FAP peaks in the region of 
0.5 BW at speeds associated with distance running. 
FZ 
FAP 
FML 
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Figure 4.5 - Typical GRF profiles; (a) FZ,  (b) FAP  and (c) FML [redrawn from (106)] 
Multiplier 
Body weight (kg) 
50 60 70 80 90 100 
2.0 0.98 1.18 1.37 1.57 1.77 1.96 
3.0 1.47 1.77 2.06 2.35 2.65 2.94 
Table 4.1 - Vertical force range (in kN) generated during ground contact based on bodyweight 
Unlike the previous two components, FML is characterised throughout the literature by significant variability, 
considering the size, number and direction of force peaks (106). However, there is a common consensus that 
the magnitude of the mediolateral peaks are relatively small by comparison with those of FZ and FAP (112). In 
one study (110), average peak-to-peak amplitude for multiple subjects running at 4.5 m/s was found to be as 
low as 0.12 BW. 
GRF is affected by a number of factors including running speed (112,115,116), surface (117), gradient (113) 
as well as the sole unit design/mechanical properties (111,118). 
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4.2.4. Plantar Pressure 
The reaction forces discussed in the previous sub
distributed over the plantar surface of the foot
discrete sensors positioned at specific locations of interest underfoot or more commonly using an insole 
system (such as Tekscan's F-Scan (120)
foot. Both techniques measure loading normal to the plantar surface only 
Plantar pressure profiles offer a visual as well as quantitative description of how the GRF is distributed and 
individual foot structures are loaded during ground contact 
data is often presented as 2D or 3D colour
particular time instant or be a composition of all data recorded during the stance phase 
Figure 4.6 - Example plantar pressure results 
Various authors (123–127) have measured plantar pressure 
pressures typically vary between 100 
and forefoot, more specifically under the lateral heel and metatarsal heads. 
The plantar pressure distribution can be influenced by multiple factors including, but not limited to; 
speed (128), running surface (124), foot type 
4.2.5. Speed and Stride Frequency
Cavanagh and Kram (129) explain that distance running speeds typically range from 2.5 to 6 m/s and that 
recreational runners generally use speed
calculated average speeds for various road running events providing a reference point for 
Speeds greater than approximately 6.5 m/s are associated with track running
spikes rather than running shoes are used (refer to Section 
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 (119). The plantar pressure profile can be measured using 
) which comprises a continuous matrix of sensors 
(106). 
(106). Considering insole systems, the 
-coded maps (as shown in Figure 4.6) which may represent a 
 
recorded using an insole system (122) 
profiles during distance running. In
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(123) and the sole unit design/mechanical properties 
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covering the whole 
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(121).  
 
-shoe 
rring in the heel 
running 
(125,127). 
elite athletes. 
 events where track 
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 Event Distance (m) 
World record time 
(hh:mm:ss) 
Average speed (m/s) 
10 km 10000 00:26:44 6.23 
20 km 20000 00:55:21 6.02 
½ marathon 21097.5 00:58:23 6.02 
Marathon 42195 02:03:38 5.69 
Table 4.2 - World record times and average speeds for various road running events [data from (130)] 
The human stride frequency is the reciprocal of the time interval between successive contacts of the same 
foot (131). Verdejo and Mills (131) utilised data from various studies (121,129,132) to derive a relationship 
between running speed (v) and stride frequency (SF). They identified a linear relationship (R2 = 0.905) 
between the two variables described by Equation 2.  
	  11.284  12.241 (2) 
  
Using Equation 2, Figure 4.7 indicates the stride frequencies associated with the running speed ranges 
discussed above. As can be seen, the stride frequency range for distance road running is approximately 1.35 
- 1.65 Hz. 
 
Figure 4.7 - Running speed and stride frequency relationship 
4.3. Current Running Footwear 
4.3.1. Types of Running Footwear 
Running footwear is categorised primarily based upon the type of running/event being undertaken as 
detailed in Table 4.3.  
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Footwear type Description Example 
Running/road 
shoe 
A general purpose design which offers cushioning, support and traction for running 
on hard surfaces. Lightweight versions are referred to as racing flats and are 
intended for competition where reduced shoe mass may provide a tangible 
performance benefit. Cushioning and support are decreased over standard models 
as a result. 
 
Off-road/trail 
shoe 
Of a largely similar construction to road shoes, but providing enhanced traction 
(more suited to softer/uneven surfaces) and increased durability. 
 
Track spike 
Designed specifically for track running and field events, these shoes have a 
significantly different sole unit construction into which interchangeable metal 
spikes are fitted. Design focus is on maximum traction and minimal mass. Further 
sub-divisions exist depending on the specific event.  
Table 4.3 - Primary types of running footwear [information and images from (133,134)] 
This research is concerned with running/road shoes and unless otherwise stated all subsequent text is 
written with reference to this shoe type. Running shoes are further categorised based upon the basic 
biomechanical needs of the athlete. Whilst exact terminology varies depending upon the manufacturer, 
three sub-divisions typically exist; motion control, stability/neutral and cushioned. The first of these is 
designed to limit the motion of an over-pronating foot and therefore minimise the risk of associated injuries. 
Stability/neutral shoes are intended for those who are biomechanically efficient, i.e. pronate to the correct 
degree during ground contact. The shoe provides some moderate support to aid the natural motion of foot 
without significant intervention. Finally, cushioned shoes are designed to help compensate for the lack of 
natural impact attenuation provided by an under-pronating foot. In addition, this type of shoe tends to be 
more flexible to encourage foot motion (135–137). These options are reflected in the product ranges of 
major running shoe manufacturers such as New Balance (134), Asics (138) and Brooks (139). 
4.3.2. Running Shoe Anatomy 
Figure 4.8 shows a schematic cross-section of a typical running shoe and indicates the primary components 
in its construction. Each component is briefly described in terms of function, materials and manufacture 
below. 
The upper refers to the top portion of the shoe that wraps around and over the foot. It is typically made 
from a number of natural or synthetic (often plastic coated) fabrics combined with foam materials which are 
die-cut and stitched/bonded together in various stages using manual to semi-automated techniques 
(98,140). 
The heel counter is a semi-rigid plastic component which sits internally within the upper and wraps around 
the back of the heel (98). It strengthens the rear part of the upper and acts to keep the heel centred in the 
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shoe (141). Furthermore, its design can be used to influence foot motion during ground contact. Typically 
the heel counter is made from a thin thermoplastic sheet which is assembled with the fabric upper 
components and formed into its final shape by the application of heat and pressure during lasting (102). 
 
Figure 4.8 - Schematic cross-section of a typical running shoe [modified from (142)] 
The insole, also referred to as the sock liner, is a removable component which sits inside the upper on top of 
the midsole. Its primary function is to provide a comfortable interface between foot and sole unit, however, 
it also acts to absorb perspiration and can assist in impact attenuation. Most insoles are moulded from low 
density ethylene vinyl acetate (EVA) foam and have a fabric cover bonded to their top surface (102,140). 
The midsole is the primary functional component of the shoe which sits between the outsole and upper 
(140). It protects the foot from sharp/protruding objects, attenuates impact forces and can help control foot 
motion, therefore allowing the athlete to run on hard surfaces over long distances in relative comfort and 
safety (98). Most midsoles are made from moulded EVA and/or PU foams (143). Various different moulding 
procedures are used and these are covered in Section 4.3.3 which discusses the midsole component in 
further depth. 
The outsole is the treaded layer on the underside of the shoe that provides traction and prevents 
damage/wear to the midsole. Outsoles are most commonly made from synthetic rubber which is 
compression moulded, however, injection moulded thermoplastic polyurethanes (TPU) are also used (143). 
The outsole, midsole and upper are assembled using adhesive bonding procedures. The midsole and outsole 
are joined first and collectively referred to as the sole unit. The upper is subsequently attached to the sole 
unit in a separate procedure. Various authors (98,102,144) provide details of these assembly operations. 
4.3.3. Running Shoe Midsole 
4.3.3.1. Function 
Section  4.3.2  briefly  outlined  the  key  functional  attributes  of the  midsole  component  which  are  discussed  in 
Heel counter
Midsole
Outsole
Upper 
Insole/ 
sockliner 
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more depth below. 
It would seem logical that the repeated application of GRF's during running could manifest themselves in 
negative biological effects (111). Various authors provide evidence to this effect with links drawn to multiple 
types of injury (105,145–147). It follows that a primary role of the midsole is to attenuate impact forces (i.e. 
reduce their magnitude and rate of application), assisting the body's natural shock absorbers (e.g. heel pad) 
and thus minimising the risk of injury (118). This is achieved by deformation of the midsole material and 
subsequent energy absorption (131). Experiments show that current running shoes are effective over a 
barefoot condition (118,148). 
In terms of different midsole designs/mechanical properties, clear differences in impact attenuation 
performance are identified in multiple studies using mechanical tests (118,148,149), however, these findings 
are not necessarily replicated biomechanically. Using force platform and tibial accelerometer methods, some 
authors (111,150) show significant changes in certain parameters based upon midsole construction, others 
highlight no significant differences between conditions (148,151) or at least no trend in the data (118). 
Whilst a clear consensus is not apparent, it is generally agreed that data from mechanical and biomechanical 
means do not correlate well. Kinematic adaptations and changes in muscle activity in response to the 
perceived properties of the midsole is a shared hypothesis for this (152,153). 
As well as force, the midsole also acts to reduce plantar pressure peaks compared to a barefoot condition, 
largely by spreading load over a larger area (106,114). For example, by providing a contact surface under the 
foot arch it allows it to contribute to the weigh-bearing function in the midfoot (106). The specific midsole 
design/mechanical properties can influence the plantar pressure profile (125,127). 
An important secondary function of the midsole is to control foot motion (i.e. prevent over-pronation) (154) 
which is known to cause injury as described in Section 4.2.2. Most commonly this is addressed using a dual 
stiffness midsole design as depicted in Figure 4.9 (155). The harder/stiffer material on the medial side resists 
deformation as the foot pronates during ground contact and therefore limits its rotary movement. Nigg et al 
(156) present biomechanical data showing the effectiveness of such a design in runners who would 
otherwise severely over-pronate. 
 
Figure 4.9 - Schematic representation of midsole design to address over-pronation [modified from (156)]  
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The above covers the main functional attributes of the midsole, however, the design and mechanical 
properties of the component can provide additional benefits, especially when considering the individual 
athlete. Section 4.5.2 provides further details. 
4.3.3.2. Materials and Manufacture 
As previously mentioned, midsoles are most commonly made from polymer foams such as EVA. A polymer 
foam comprises two phases; a solid polymer matrix and a dispersed gaseous phase. Additional phases can be 
present in the polymer in the form of fillers for example (157). 
Whilst other methods exist, most foams are produced by a process involving nucleation of gas bubbles in a 
liquid polymer phase, followed by bubble growth and stabilisation as the viscosity of the liquid polymer 
increases and finally solidifies to form a cellular matrix (158). If the cell membranes surrounding each bubble 
remain intact, the foam has a closed-cell structure with discrete gas pockets (see Figure 4.10 left), however, 
if the membranes continue to expand and rupture, an open-cell structure of interconnecting struts with a 
continuous gas phase will result (see Figure 4.10 right). These are the two primary classifications of polymer 
foam (159).  
  
Figure 4.10 - Closed-cell (left) and open-cell (right) polymer foam structures (160) 
Gas is introduced into the liquid polymer by either mechanical agitation or most commonly by the use of a 
blowing agent (BA). Two primary classifications of the latter exist based upon the mechanism by which gas is 
liberated; chemical blowing agents (CBA's) and physical blowing agents (PBA's). CBA's are usually solid 
compounds that produce gas under foam processing conditions via chemical reactions, including thermal 
decomposition or interaction with other parts of the formulation (161). PBA's on the other hand are 
compounds that do not react chemically themselves, but form gas by undergoing a change in physical state 
(e.g. evaporation). Most PBA's are low-boiling point liquids (162). 
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The mechanical properties of the resulting material are controlled by the intrinsic properties of the polymer 
as well as the cellular structure formed during foaming. Important variables in this respect include; density, 
cell size, cell shape and degree of anisotropy (163). 
Figure 4.11 shows the typical compression characteristic for a polymer foam which can be split into three 
distinct regions; linear, plateau and densification. Linear elastic behaviour in region 1 is controlled by cell 
struts bending in open-cell foams and by cell wall stretching in closed-cell foams. Following this, a plateau 
region results as the cells collapse through buckling or crushing/fracture. In region 3 densification occurs; 
adjacent cell walls come into contact with each other and the foam begins to act as a solid polymer causing a 
sharp rise in stress. In closed-cell foams, compression of the contained gas also contributes to the response, 
primarily in regions 2 and 3 (163,164).  
 
Figure 4.11 - Schematic compression stress-strain curve for a polymer foam [redrawn from (163)] 
Polymer foams are effective energy absorbers making them useful for numerous applications including 
running shoe midsoles. Energy is absorbed essentially in the plateau region by, depending on the type of 
polymer; elastic buckling, plastic yielding or brittle crushing and fracture of the solid matrix, coupled with 
viscous air flow in open-cell and gas compression in closed-cell  foams (163). 
Polymer foams can be produced using a variety of different manufacturing techniques including, production 
of continuous slabstock by pouring, spraying, extrusion as well as compression and injection moulding (157). 
EVA midsole manufacture involves mixing of the polymer with a CBA and various other additives. The then 
heated mixture is formed via injection moulding or a two-stage procedure. The latter involves an extrusion 
process to form large sheet stock, which is cooled and stabilised before appropriately sized pieces are die-cut 
and then compression moulded to form the final piece (143). Park (165) and Eaves (166) provide details on 
such processing techniques. 
The  main  commercial  alternative  to  EVA  is  PU  foam  (143).  PU  is  a  thermoset,  prepared  by  the  reaction  of  a 
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polyisocyanate with a polyol in the presence of a BA, surfactant, and catalyst without the need to externally 
heat the mixture. However, elevated temperatures are often used to control the foaming process (167). 
Unlike in thermoplastic foam processing, polymerisation and gas generation occur simultaneously (168). PU 
midsoles are injection moulded or produced using an open-pour moulding procedure (143). Housel (167) 
and Bailey (169) discuss PU moulding in detail. 
Both EVA and PU midsoles are formed with what is known as an integral skin. This is an unexpanded or 
extremely dense version of  the polymer foam at the part surface as shown in Figure 4.12. It results from the 
interaction of the polymer with the mould cavity surface. For example, a hot mould can re-melt the surface 
of an already foamed polymer (as in compression moulding of EVA) or a cold mould can prevent a BA from 
reacting locally at the part surface. The skin increases the aesthetic qualities of the midsole and significantly 
enhances its wear characteristics (167,170). 
 
Figure 4.12 - SEM image showing a cross-section through an EVA foam specimen with integral skin [modified from (171)] 
New Balance's range of EVA/PU midsole materials for production, comprises a handful of different 
formulations and various grades of each classified by hardness. Grades range between 45 - 70 Shore C. This 
classification system is typical in the footwear industry and employed more broadly than New Balance (170). 
However, Alley and Nichols (172) and Mills (143) describe how hardness is a crude scale which does not 
correlate accurately with properties of importance such as stiffness.  
Whilst EVA and PU foams are the primary materials used in the midsole construction, they are frequently 
combined with other proprietary materials/technologies. Notable examples include, Asics Gel (138), Brooks 
Hydroflow (139) and Nike Air (173). EVA and PU foams are referred to as conventional midsole materials in 
subsequent text. 
4.4. Testing of Running Footwear 
4.4.1. Types of Testing 
Internal foam structure 
Skin 
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Three broad test classifications exist for running footwear (and for sports equipment in general); subjective, 
biomechanical and mechanical. Subjective testing is based exclusively on the user’s evaluation of a product. 
Results may take the form of questionnaire answers for instance. Biomechanical testing involves 
measurement of physical and mechanical effects during the athlete's interaction with the equipment and the 
environment. Measurement of GRF using a force platform is an example of this type of testing. Finally, 
mechanical testing refers to procedures carried out by means of artificial loads where no subject is involved. 
Often biomechanical data is used to define the conditions associated with these tests (174). 
This research was focused on mechanical testing and therefore only procedures of this type have been 
considered in the following sub-sections, which provide a comprehensive review of standard and non-
standard test methods relating to property/performance assessment of midsole materials and constructions. 
4.4.2. Standard Test Methods 
Table 4.4 lists test methods used by New Balance to assess midsole materials, the test standard adhered to 
and a brief description is provided in each case. These tests are representative of those used by the sports 
footwear industry generally (175). The range of tests comprises assessment of physical (e.g. density) and 
mechanical (e.g. tensile strength) properties as well as the effect of environmental factors such as 
temperature and humidity, highlighting that a range of characteristics are important for a material to be 
suitably employed in the midsole. 
Both American Society for Testing and Materials (ASTM) and Shoe and Allied Trade Research Association 
(SATRA) test standards are used, with the former being the more prevalent. SATRA is a research and testing 
body that provide a range of footwear specific test standards and also supply associated test equipment 
(176). Many of the ASTM standards used by New Balance are not necessarily specific to the type of material 
under test and have been adopted from the rubber industry. In addition, with the exception of compression 
set, all procedures examining mechanical properties comprise single cycle tests and do not consider fatigue 
characteristics. 
Compression set (ASTM D 395), involves an extended regime in which a specimen is held at a set force or 
displacement in compression, typically at an elevated temperature. Exact test conditions are not specified, 
but New Balance use a displacement of 50 % original specimen thickness held for six hours at 50 ± 2 °C. The 
specimen thickness is measured pre-test and 30 minutes post-test in order to establish the compression set; 
the percentage residual deformation. However, many elastomer materials recover with time and Mills (143) 
explains how for this reason the method is not necessarily a good indicator of performance. Furthermore, 
the test conditions are not representative of in-service use and the relationship between data obtained and 
functional performance in the context of a midsole is unknown (175). In fact none of the test standards listed 
in Table 4.4, that address mechanical properties, simulate loading that would be experienced during running. 
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Test 
method 
name 
Test 
standard 
number 
Test standard name 
Specific 
procedure 
within test 
standard (if 
applicable) 
Description 
Specific 
gravity 
ASTM D 297 
Standard Test Methods for Rubber Products - 
Chemical Analysis 
Section 16.3 
Determines the density of a material by measurement 
of specimen mass in air and suspended in water. 
Hardness ASTM D 2240 
Standard Test Method for Rubber Property - 
Durometer Hardness 
- 
Determines the Shore C hardness of a material using a 
durometer. 
Tensile 
strength and 
elongation 
ASTM D 412 
Standard Test Methods for Vulcanized Rubber and 
Thermoplastic Elastomers - Tension 
Test Method A 
Determines the UTS and EaB of a material using a 
tension-compression materials testing machine. 
Compression 
force 
deflection 
ASTM D 3574 
Standard Test Methods for Flexible Cellular Materials 
- Slab, Bonded, and Molded Urethane Foams 
Test C 
Determines the force required to produce a 25 % 
thickness reduction over the entire top surface of a 
material specimen using a tension-compression 
materials testing machine. 
Compression 
set 
ASTM D 395 
Standard Test Methods for Rubber Property - 
Compression Set 
Test Method B 
Determines the residual deformation of a material 
specimen after being displaced by a fixed amount for 
an extended time period. A simple compression 
device or tension-compression materials testing 
machine is used and often tests are conducted at 
elevated temperature. 
Resilience 
rebound 
ASTM D 2632 
Standard Test Method for Rubber Property - 
Resilience by Vertical Rebound 
- 
Determines the impact resilience of a material by  
measurement of the vertical rebound of a dropped 
mass using an apparatus specific to the test method. 
Tear strength ASTM D 624 
Standard Test Method for Tear Strength of 
Conventional Vulcanized Rubber and Thermoplastic 
Elastomers 
- 
Determines the force per unit thickness required to 
break a notched specimen in tension using a tension-
compression materials testing machine. 
Split tear 
strength 
ASTM D 3574 
Standard Test Methods for Flexible Cellular Materials 
- Slab, Bonded, and Molded Urethane Foams 
Test F 
Determines the force per unit thickness required to 
break a split/pre-cut specimen in tension using a 
tension-compression materials testing machine. 
Flex SATRA TM92 Resistance of Footwear to Flexing - 
Determines the resistance of a material/sole unit to 
flexing using an apparatus specific to the test method. 
Heat 
shrinkage 
resistance 
SATRA TM70 Heat Shrinkage of Cellular Solings - 
Determines the percentage shrinkage of a material 
when exposed to elevated temperature in an oven for 
an extended time period. 
UV light 
discolouration 
ASTM D 1148 
Standard Test Method for Rubber Deterioration - 
Discoloration from Ultraviolet (UV) and Heat 
Exposure of Light-Colored Surfaces 
- 
Determines the resistance of a material to 
discolouration when exposed to a UV light source for 
an extended time period. 
Hydrolysis SATRA TM344 
Hydrolysis of Polyurethane Solings and Polyurethane 
Coated Leathers 
- 
Determines the effects on a PU material when 
exposed to elevated humidity levels in an 
environmental chamber for an extended time period. 
Table 4.4 - Test methods used by New Balance to assess midsole materials [information from (175,177)] 
ASTM F 1614 (Standard Test Method for Shock Attenuating Properties of Material Systems for Athletic 
Footwear) aims to replicate in-service loading by uni-axial impact or compression at loading rates 
representative of heel-strike during normal running movements. It describe three procedures which relate to 
test apparatus type; Procedure A is for drop-weight impact, Procedure B for force-controlled compression 
and Procedure C for displacement-controlled compression machines. In all cases force-displacement-time 
history is recorded and interpreted to establish the shock attenuation characteristics of materials employed 
in the midsole. ASTM F 1976 (Standard Test Method for Impact Attenuation Properties of Athletic Shoes 
Using an Impact Test) uses Procedure A of ASTM F 1614, however, it describes a procedure for testing a 
complete sole unit as opposed to a material specimen. Both aforementioned test standards specify a regime 
of 30 cycles with data capture over the last five and hence fatigue characteristics are not evaluated. 
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ASTM D 3574 comprises multiple test methods for flexible cellular materials, some of which are used by New 
Balance as identified in Table 4.4. It also contains three methods for assessment of fatigue properties, 
however, these are designed for large material specimens and conditions are not relevant to footwear. 
In addition, the International Organization for Standardization (ISO) provide a range of footwear-specific test 
standards (178). Those which relate to running shoe sole units cover the same properties as the ASTM and 
SATRA methods listed in Table 4.4. Similarly, none of these aim to test materials under conditions that would 
be experienced during running or over cycle numbers that would represent typical run distances.  
4.4.3. Test Methods Reported in Literature  
Various authors have examined the mechanical properties/performance of running shoe sole units or 
midsole materials. Given the primary function of impact attenuation (as described in Section 4.3.3.1), most 
studies focus on impact or compressive properties. Other mechanical/physical properties, such as those 
specified in Table 4.4, have seldom been investigated in literature. Additional functional attributes of the 
midsole such as controlling foot motion are evaluated via biomechanical means and so have not been 
considered here. Impact and compression procedures are discussed below using key examples.  
Drop-weight impact systems, similar to that described in ASTM F 1614 Procedure A have been utilised in 
numerous studies (118,148,149,179). Such systems comprise a known mass of specific dimensions which is 
usually attached to some type of 'frictionless' guide rail and able to free-fall from a set height onto the test 
material. An accelerometer or force transducer attached to the mass is used to record acceleration-time or 
force-time history respectively. 
McNair and Marshall (148) and Clarke et al (118) used this type of apparatus to identify peak acceleration 
values (among other variables) for a number of different sole unit constructions and compared these with 
data obtained biomechanically. Frederick et al (149) used a 7.3 kg mass with a diameter of 25 mm dropped 
from a height of 50 mm in order to assess the effects of midsole material properties and geometry. 36 shoes 
were specially constructed with EVA midsoles of varying thickness, flare angle and hardness. Significant 
differences in peak acceleration due to thickness and hardness were identified, however, only five impacts 
on each shoe were performed. 
Verdejo and Mills (131) considered long-term properties by constructing a custom test rig (see Figure 4.13) 
to facilitate repeat impact testing of midsole material specimens measuring 20 x 20 x 12 mm. The apparatus 
was designed to mimic loading conditions experienced during distance running. The impacting plate mass  
was empirically adjusted to obtain an impact force of approximately 200 N (therefore a peak pressure of 500 
kPa) and the loading frequency was set at 1.75 Hz. Two test regimes were implemented to asses a single 
type of EVA foam. The first involved specimens being tested for two hours on five consecutive days with 
intermediate recovery periods of 22 hours. The second comprised daily three hour tests running over 17 
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days, again with fixed periods of recovery in-between. Amongst other findings, increased peak pressure and 
foam density with cycle number were observed as well as considerable material recovery between test runs. 
 
 
 
 
Figure 4.13 - Schematic of repeat impact test rig used by Verdejo and Mills (131) 
Various authors (150,180–183) have conducted dynamic compression tests using servo-hydraulic test 
machines, such as those produced by Instron (184) and Zwick Roell (185). In these tests the machine 
actuator is programmed to follow a specific force-time function in order to load and unload the test material 
cyclically via a platen/indenter. The force-displacement-time history is recorded. One key advantage of this 
approach is that machine automation and integrated software enable lengthy fatigue regimes to be 
conducted with relative ease. Furthermore loading conditions can be precisely controlled depending on the 
test requirements. 
In one example, Schwanitz et al (181) examined the compressive properties of 13 different running shoe 
models of varying design, subjecting each to a load impulse operating between 50 - 1500 N at a frequency of 
1.4 Hz for 240,000 continuous cycles. Sole units were loaded in the heel region and demonstrated reduced 
thickness, increased stiffness and considerable changes in energy characteristics with cycle number. 
In another study Cook et al (183) tested over 20 different shoe models from various manufacturers. Shoes 
were mounted on a specially constructed foot-form fixture which held them inclined to the horizontal and 
focused loading in the heel region only. Peak force reached approximately 1500 N and 400,000 cycles were 
performed at a frequency of 2.5 Hz. Impact attenuation (as measured by energy absorbed per cycle) was 
found to vary considerably between models initially, however, decreased in all cases with cycle number 
according to an exponential decay type curve with no markedly different behaviours.  
4.4.4. Assessment of Midsole Performance 
This sub-section describes how midsole performance is assessed in view of the impact and compression 
procedures discussed above. 
As mentioned in Section 4.4.3, acceleration-time or force-time history is recorded during impact tests. Peak  
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acceleration or force and respective times to peak are the primary parameters used to assess performance. 
Lower values theoretically imply lower magnitudes and rates of deceleration or force application 
experienced by the runner during ground contact and therefore suggest a material offering superior impact 
attenuation ability (149,172). However, mechanical findings are not necessarily replicated biomechanically 
as discussed in Section 4.3.3.1. Other parameters are often derived from the recorded data to further 
analyse the material response (148,154,179).  
In compression tests, the force-displacement-time history is recorded as previously highlighted. Figure 4.14 
shows an example force-displacement output for a single compression cycle of a conventional midsole 
material. Generally, the material performance is assessed using some or all of the following parameters 
derived from it; peak displacement, stiffness and energy characteristics. Their calculation is discussed below. 
 
Figure 4.14 - Example force-displacement data for compression of a conventional midsole material 
Peak displacement (Dmax) (in mm) is extracted directly from the raw data. Stiffness is considered as an 
extensive material property with units of force per unit extension, N/mm. Even well within the limits of 
elastic action, conventional midsole materials do exhibit linear behaviour. Consequently, there is no 
standard definition of stiffness and different approaches are used to establish an average or representative 
value. For example, Walker (182,186) uses the gradient of the tangent to the force-displacement curve at 
peak force (Fmax) as indicated in Figure 4.14 (f/d), whereas Schwanitz et al (181) calculate stiffness across two 
different load ranges. ASTM F 1614 defines average stiffness as the ratio of Fmax to corresponding 
displacement. 
In terms of the relationship between these parameters and functional performance, Shorten (119) describes 
how theoretically a more compliant material can be expected to further reduce peak impact forces and 
plantar pressures during ground contact. However, this theory is not necessarily confirmed in subject testing. 
In addition, the midsole has other functional requirements such as controlling foot motion and a very soft 
material may compromise stability. Given the above, an optimum stiffness value/range can not be specified; 
0
0
F
o
rc
e
 (
N
)
Displacement (mm)
0 Dmax
Fmax f
d
Loading curve
Unloading curve
Chapter 4 | Running and Running Footwear 
 
 
 
 
 
46 
different values are required in different areas of the midsole (as described in Section 4.3.3.1) and these will 
vary depending on the individual. 
Energy characteristics can be calculated by considering the area under or enclosed by various portions of the 
force-displacement curve. With reference to Figure 4.14, the area under the loading curve from zero to Dmax 
(checked and plain shaded regions combined) represents the total energy absorbed during compression (Ea). 
The unloading curve reveals how this energy is dissipated upon removal of the load; the area under the 
curve (plain shaded region) is equivalent to the energy returned (Er). The area enclosed by the two curves 
(checked region) is the difference between Ea and Er and therefore corresponds to the energy lost during the 
compression cycle, also known as the hysteresis energy (Eh) (154). The various areas can be calculated by 
numerical integration using the trapezium rule. With force in Newtons and displacement in metres, energy 
values in joules are obtained. 
Ea is indicative of the material's impact attenuation ability (183). Alley and Nichols (172) describe how Eh is 
often incorrectly associated with this role, however, materials with both high and low hysteresis energy can 
perform this function. Eh is connected with other factors, primarily the runner's perception of the midsole 
performance. Typically, lower values are deemed preferable as they provide a springier/more positive feel, 
whilst higher values receive negative feedback resulting from a relative flat/dead feel (172,187). As to 
whether the energy return properties of the midsole can actually influence athletic performance directly is a 
complex issue; Stefanyshyn and Nigg provide a detailed discussion (188).  
Whilst the properties of conventional midsole materials will deteriorate with repeated loading (as 
highlighted in Section 4.4.3), catastrophic failure of the material itself seldom occurs assuming use for 
normal running movements (i.e. loading which is primarily compressive in nature), almost regardless of the 
number of loading cycles applied. Failure/end-of-life for a running shoe is much more likely to be defined by 
separation of components (bonding failure) or deterioration of cosmetic appearance (189). Fatigue 
performance tends to be evaluated simply based upon variation in key properties (e.g. peak displacement) 
with cycle number (131,181,183). Ideally properties should be as consistent as possible for the lifetime of the 
midsole (172). 
Another important aspect of material performance in relation to fatigue is time dependent recovery. Whilst 
EVA and PU foams may exhibit residual deformation immediately after loading, this can be subsequently 
recovered (at least in part) if the material is left at rest (131). Time dependent recovery can be considered in 
terms of physical dimensions and/or mechanical properties, however, there is no associated test standard 
for assessment of this characteristic. 
4.5. The Use of AM for Running Footwear 
4.5.1. Reports in Literature 
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Below is a comprehensive review of literature covering the use of AM for running footwear applications, 
whereby the technology has been used to produce sole unit components. Work relating to orthotics or any 
similar insert not integral to the shoe has not been covered, but Pallari et al (190) and Salles (191) provide 
considerable detail relating to this subject area. 
As discussed in Section 3.6.1.1, Toon et al (69) produced track spikes with LS PA 12 outsoles and manipulated 
the geometry of the component to achieve variable levels of bending stiffness in the assembled shoes. In 
additional study, Toon et al (192) highlighted that these adaptations in mechanical properties could be used 
to elicit changes in lower-limb dynamics with subsequent performance benefits. Using sprint-related jump 
metrics, an internationally competitive sprinter was shown to perform better in certain shoe stiffness's. It 
was hypothesised that by tuning the shoe bending stiffness to the individual athletes requirements, sprinting 
performance could be optimised. Furthermore, this work proved to some extent the functional capacity of 
PA 12 outsoles for the application; they were found to be reliable and consistent with mechanical testing 
prior to and following subject trials revealing no changes in bending stiffness. 
The shoes in the aforementioned study had a smooth outsole surface and used only a thin piece of rubber 
applied to the forefoot region in order to minimise slip during testing (192). Vinet and Caine (193) built upon 
this work, investigating the incorporation of traction features to facilitate more conventional functionality, 
i.e. on track sprinting. Two different PA 12 outsole designs with integral spike features (one of which is 
shown in Figure 4.15) were manufactured and assembled with  conventional uppers. 
 
Figure 4.15 - CAD image of LS track spike outsole (193) 
Using a custom designed quasi-static mechanical procedure it was shown that the pictured design could 
generate traction forces consistent with a number of commercially available track spikes. Furthermore, the 
data obtained coupled with minimal signs of wear for the PA 12 unit, further highlighted the potential to 
create a fully functional track spike outsole using LS. 
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As described in Section 3.6.2, Levy et al (79) conducted experiments with a commercially available LSE, 
DuraForm Flex. Part of this work involved the manufacture of what is referred to as a 'simple flat sole', 
however, it is perhaps more accurately described as a thin sheet of uniform thickness with a profile 
approximating that of a shoe sole. Whilst the component did not equate to a sole unit construction, it was 
shown that by applying different LP's to different areas of the component local Shore A hardness values 
could be manipulated, therefore indicating the material's potential for such an application. However, no 
mechanical testing was undertaken. 
4.5.2. The Potential of LS for Midsole Manufacture 
Chapters 2 and 3 identified the following key features of LS technology: 
1. Manufacture direct from CAD with a complete lack of tooling facilitates economic production of single-
unit volumes. 
2. Its layer-wise approach enables extensive design freedom which is unparalleled by any traditional 
manufacturing process. 
3. Material properties can be manipulated locally within a part by varying build parameters (considering 
LSE's as described above) and by utilising the available design freedom to effectively 'design in' 
properties. 
These attributes mean LS presents the potential to manufacture midsoles which offer significant advantages 
compared to conventional mass-produced counterparts. Of the commercially available LS materials (refer to 
Section 3.5.2), LSE's were deemed most suited to the application given their base mechanical properties and 
the ability to manipulate these during processing (79,86). The remainder of available materials are rigid 
polymers (primarily PA based), which do not offer the required attributes of compliancy and flex without 
significant design intervention. 
Using an LSE, and by suitably varying build parameters and/or geometry, the mechanical properties of the 
midsole could theoretically be manipulated in local regions (e.g. rearfoot or forefoot) to suit the functional 
requirement of that part of the component. Whilst this is achieved to some degree in conventional designs, 
it typically requires multiple materials/pieces. With LS, a single-piece midsole could be created, therefore 
minimising part count and eliminating assembly. This concept is depicted and discussed further in Figure 
4.16 which shows a simple LSE midsole design; the different colours indicate different mechanical 
characteristics. 
Perhaps of greater significance is the fact that changes to overall geometry and local mechanical properties 
could be performed on an individual basis, i.e. the design could be tailored to suit the needs of a particular 
athlete or target group. Generally, individual adaptations can not be considered using conventional materials 
and manufacturing methods, where significant production volumes are required to recoup high tooling costs. 
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Personalisation of the midsole in this way using LS could potentially facilitate numerous advantages in the 
areas of performance, injury risk reduction, comfort/fit as well as others. Some examples are outlined below. 
 
Figure 4.16 - Single-piece midsole with different properties in local regions 
Running performance is commonly studied in relation to submaximal oxygen consumption per unit body 
mass, referred to as VO2, with units of ml/kg/min. Lower VO2 for a specific exercise regime indicates 
decreased energy costs and improved running economy. Therefore anything acting to reduce VO2 is likely to 
positively influence performance; it should allow an individual to either maintain a certain level of 
performance for a longer time period, or to increase the level of effort that can be sustained over a fixed 
time/distance. In distance running, very small reductions (in the order of 1 %) can yield significant benefits 
(194). 
Both Cavanagh (102) and Shorten (155) state that VO2 can be reduced by approximately 1 % for every 100 g 
total (left plus right) reduction in shoe mass. Racing flats are often used in the interest of weight saving, 
however, usually to the detriment of key shoe functions such as cushioning (102). Not only is this 
unfavourable from an injury perspective, but Shorten (155) describes how kinematic adaptations resulting 
from decreased cushioning have been shown to translate to increases in VO2 of a similar magnitude. As such 
shoe mass needs to be reduced without significantly sacrificing cushioning performance. LS could provide 
By varying build parameters and/or geometry, the 
mechanical properties of  different zones of the single-piece 
unit could be tuned to meet their functional requirement. 
For example the lateral heel region could be optimised to 
reduce peak impact forces while increased stiffness may be 
employed in the medial heel region to help control 
pronation. 
In addition, more compliant local regions could be created 
at the surface to help alleviate pressure under key 
anatomical features such as the metatarsal heads. 
 
In most conventional running shoes additional midsole 
components are used either externally or internally to 
stiffen the midfoot region and provide torsional rigidity. 
 
Here the same functionality could be achieved in an integral 
manner. The image left shows one embodiment whereby a 
number of ribs (perhaps manufactured at different build 
parameters to surrounding areas) span the midfoot region 
and act to stiffen it. 
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this opportunity by facilitating simultaneous optimisation of key functional properties and shoe mass for the 
individual, taking into account factors such as their body weight, running style and speed. 
Nigg et al (195) tested 20 subjects running in two shoe conditions which differed only in the compressive 
properties of the heel region. They found that individual subjects showed consistent differences in VO2 of up 
to 2 % based upon the heel property change. Roy and Stefanyshyn (196) investigated the effect of shoe 
longitudinal bending stiffness on running economy using three stiffness conditions; one unmodified control 
shoe (least stiff) and two stiffer versions of the same shoe model created by the insertion of a carbon fibre 
plate throughout the length of the midsole. In testing 13 subjects, significant average differences in VO2 
were found between the control and the middle stiffness shoe in the order of approximately 1 %. Further 
analysis suggested that an optimum bending stiffness range for improved running economy at submaximal 
velocities may exist based upon the athlete's BW. Using LS and with the relevant underpinning knowledge, 
midsole mechanical property variations like these could be implemented to attain performance 
enhancements for individual or groups of athletes.  
Section 4.3.3.1 described how over-pronation can be addressed using shoe design, more specifically by 
changing the mechanical properties of the medial heel portion of the midsole. Assuming suitable 
biomechanical/podiatric expertise, LS offers significant scope to address individual biomechanical 
abnormalities and therefore reduce the risk of injury. 
Salles (191) showed that personalised LS PA 12 insoles created from foot scan data were able to provide 
increases in perceived comfort compared to a control condition when used by participants for normal 
training over a three month period. This capacity to readily incorporate biometric data into the CAD design 
to create a truly personalised product could also be explored in terms of the midsole design to the same end, 
i.e. improvements in comfort and fit. 
LS could also bring about non-function related benefits. Otherwise impossible geometries can be created as 
shown in Figure 2.2, therefore completely novel midsole designs could be conceived. In addition, 
personalised detailing in the form of texts or logos for example could readily be added to the midsole. Such 
aspects could be significant supposing LS could be used at a commercial level. 
It is important to note that the concepts discussed above are hypothetical and would depend upon the 
processing characteristics and mechanical performance of LSE's. Furthermore, relationships between 
midsole mechanical properties/geometry and improvements for an individual in any of the areas discussed 
are not fully understood and methods for determining them are not necessarily established. However, there 
is certainly enough data present within the literature to suggest that there are advantages to be gained, 
especially at an elite level, where fractional performance enhancements can be significant. 
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4.6. Summary 
This chapter provided information relating to select aspects of running and running footwear relevant to this 
research. Firstly, details of foot anatomy and gait were outlined, primarily to define fundamental 
terminology used in the remainder of the thesis. Biomechanics literature was then utilised to identify key 
quantitative data relating to the forces, pressures and speeds encountered during distance running. This 
data is used in subsequent experimental chapters to define mechanical test method conditions. 
Conventional running shoes were also discussed in terms of their typical design/construction, component 
function, materials and associated manufacturing processes, with particular focus on the midsole 
component. 
Following this, mechanical test standards used in the footwear industry as well as techniques employed 
within literature for the assessment of midsole properties/performance were comprehensively reviewed. 
This highlighted that whilst a range of physical and mechanical properties are important, given the midsole's 
primary role of impact attenuation and the need to perform this function over hundreds of running miles, 
the impact/compressive properties and associated fatigue characteristics are some of the most critical in 
view of a candidate midsole material. These properties were found to be the primary focus of the majority of 
mechanical assessment related studies within the literature, where they were investigated using methods 
designed to, at least in part, represent in-service loading. In contrast, the standardised tests used in the 
footwear industry involve static or quasi-static, single cycle procedures which are not necessarily focused on 
the primary loading modes experienced during use. Research-based methods fell into two main categories; 
drop-weight impact and force-controlled compression. The parameters typically measured in each test type 
and their relationship to functional performance were outlined. 
Finally, it was identified that an LSE midsole could potentially offer significant advantages in terms of 
performance, injury risk reduction, comfort/fit as well as aesthetics compared to counterparts produced 
using conventional materials and processing techniques such as injection moulding. 
The following chapter defines the research undertaken based upon the findings of the literature review. 
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Chapter 5 
5. Research Definition 
Research Definition 
5.1. Problem Definition 
Chapter 4 identified that running shoe midsole manufacture using LS has the potential to provide significant 
advantages compared to conventional manufacturing processes such as injection moulding and therefore 
scope to offer high added-value products. However, the feasible use of the technology and realisation of 
these advantages depends upon the mechanical performance of LS polymers, more specifically LSE’s, under 
in-service conditions. As established in Chapter 3, currently nothing has been reported about their 
mechanical capacity in this context, hence their suitability for the application is unknown. 
5.2. Research Aim 
Chapter 4 identified that whilst a wide range of mechanical and physical properties are important in terms of 
midsole functionality, of foremost importance are the compressive/impact and fatigue characteristics. The 
aim of this research was therefore to investigate the long-term mechanical performance of both 
conventional midsole materials and a carefully selected LSE, using a dynamic test method which simulated 
loading conditions during running. Through variation of build parameters, the ability of the LSE to operate 
within the mechanical property range of conventional materials has been investigated and so its viable use 
for running shoe midsole applications assessed. 
5.3. Approach 
Work was carried out in four distinct stages as outlined below: 
Stage 1: Select an LSE and conduct preliminary tests (Chapt
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− Based on Chapter 3 literature, select the LSE deemed most suitable for the research.  
− Carry out basic mechanical tests in order to initially assess the suitability (i.e. the potential for functional 
midsole performance) of this LSE before conducting more in-depth testing.  
 
Stage 2: Design and develop a new dynamic test method (Chapters 7 and 8) 
− Evaluate the range of test methods identified in Chapter 4 and the range of testing equipment available 
in order to select a suitable test approach. 
− Design, develop and implement a new test method which, as closely as possible, simulates loading 
conditions during running and facilitates assessment of compressive/impact, fatigue and time dependent 
recovery properties.  
 
Stage 3: Benchmark the mechanical properties of conventional midsole materials (Chapter 9) 
− Use the new test method to establish the compressive/impact, fatigue and time dependent recovery 
properties of a range of conventional midsole materials. 
− Define the property ranges within which these materials operate. 
− Establish the efficacy of the new test method to assess and compare properties of a range of 
conventional midsole materials. 
 
Stage 4: Determine the mechanical properties of the selected LSE (Chapter 10) 
− Use the new test method to establish the compressive/impact, fatigue and time dependent recovery 
properties of the LSE when manufactured at a range of LP's. 
− Determine the effect of LP on key properties.  
− Compare the property ranges with those of the conventional midsole materials tested and subsequently 
assess the viable use of the LSE for midsole applications. 
− Establish the efficacy of the new test method to assess and compare properties of LSE's. 
5.4. Novelty.. 
The following paragraphs explicitly define the novelty of this research in context of the existing literature 
within the subject area. 
Various studies (131,181,183) have investigated the long-term compressive or impact properties of running 
shoe midsole materials as discussed in Section 4.4.3. However, the research within this thesis was carried 
out using a new test method implemented on a type of test apparatus not previously reported upon. The 
test equipment was utilised to establish and compare the long-term mechanical performance of a range of 
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EVA and PU midsole materials which is not present in current literature. Furthermore, experimental aspects 
involved in the design and development of the method (refer to Chapter 8) add new knowledge within the 
footwear testing field. 
A small body of work exists in relation to the use of AM technology for production of running footwear sole 
units and primarily focuses on LS PA 12 track spike outsoles as described in Section 4.5.1 (69,192,193). Whilst 
Levy et al (79) produced a simple flat sole component using an LSE, this purely provided a neat means to 
demonstrate local hardness variation via manipulation of build parameters; the mechanical properties of the 
component or suitability of the material as a midsole were not investigated. Consequently, no previous work 
has reported the use of LS (or any AM) materials for running shoe midsole applications. 
As detailed in Section 3.6.2, the majority of publications examining mechanical properties of LS polymers 
relate to tensile properties of PA materials and relatively few examples of LSE-related studies are present 
within AM literature. Of those which exist, only two authors (15,79) touch upon mechanical characteristics of 
this material group and both provide only single cycle to failure tensile data. 
Assessment of mechanical performance in terms of compression and fatigue for LSE's, as well as the 
intended application, are completely novel. 
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Chapter 6 
6. Preliminary Assessment of Laser Sintered Elastomer Material 
Preliminary Assessment of Laser Sintered 
Elastomer Material 
6.1. Overview 
With no relevant existing data on the mechanical properties of LSE's, the first stage of this research was to 
select a material and make an initial assessment of its suitability for the intended application before 
proceeding with more in-depth testing. In order to do this, a replica of a conventional midsole was 
manufactured in the chosen LSE and both conventional and replica units tested in compression to compare 
key mechanical properties. The following sections detail selection of an LSE, the design and manufacture of a 
replica midsole as well as set-up of a compression test procedure. Compression data from both midsole 
types is then presented and the chosen LSE's suitability evaluated. 
6.2. LSE Selection 
ALM's TPE 210-S material was selected for use in this research. Key physical and mechanical properties for 
commercial LS polymers were listed in Table 3.1. Whilst no compressive properties are published by 
manufacturers for any materials, from the available data, TPE 210-S demonstrated greatest potential for the 
application with EaB values closest to the range of conventional midsole materials. Refer to Table 6.1 which 
lists EaB values for a number of conventional midsole and LS materials. The full manufacturer’s data sheet 
for TPE 210-S can be found in Appendix A. Furthermore, at the time this research was conducted, TPE 210-S 
was the newest LSE on the market and no previous studies had reported its use in any capacity. The material 
is referred to as TPE in subsequent text. 
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Material type Material EaB (%) 
Conventional midsole 
New Balance Abzorb-45 (EVA) 250 % (minimum) 
New Balance PU-57 (PU) 350 % (minimum) 
LS PA 12 
ALM PA 650 24 % 
3D Systems DuraForm PA Plastic 14 % 
LSE (non-infiltrated) 
ALM TPE 210-S Up to 250 % 
3D Systems DuraForm Flex Plastic 110 % 
Table 6.1 - EaB specifications for various conventional midsole and LS materials (37,45,170) 
6.3. Experimental Method 
6.3.1. Conventional Sole Unit 
A number of conventional running shoe sole units, model number MR758 and size US 9.5, were provided by 
New Balance for this work. The sole units were of a neutral design in terms of their biomechanical function 
(refer to Section 4.3.1) and comprised midsole and outsole as shown in Figure 6.1. 
 
Figure 6.1 - New Balance MR758 right sole unit 
6.3.2. Design and Manufacture of TPE Replica Sole Unit 
The CAD data for the MR758 sole unit was also provided by the company. The midsole consisted of five 
separate components and Figure 6.2 illustrates its construction; the main midsole [1] is produced from a 
medium hardness EVA and a lower hardness EVA pad [2] is located on the plantar surface in the region of 
the metatarsal heads. Two additional components, one EVA [4] and one a non-foamed elastomer material [3] 
form the lateral heel section of the midsole. Finally, a TPU component [5] provides torsional stiffness and 
support under the midfoot. 
In order to create a TPE replica, all five components w
shown in Figure 6.3. The merging op
made to the original geometry. 
Figure 6.2 - Exploded view of MR758 midsole showing all components
Figure 6.3 - TPE replica midsole (STL file) 
A single pair (left and right) of midsoles were produced in virgin TPE. Part manufacture was outsourced to 
ALM (the material manufacturer) due to their 
produce high quality and repeatable compon
typically more complex/less well understood 
The pair of midsoles were produced on a 3D Systems SLS 2500 Plus machine
xy, in the orientation shown in Figure 
parameters are detailed in Table 6
values. 
1. Main midsole   
(EVA) 
5. Midfoot
(TPU) 
2. Metatarsal pad  
 (EVA) 
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-piece midsole which is 
 
, processing of LSE's is 
s. 
 positioned centrally in 
3. Lateral heel 
component 
(Other) 
4. Lateral heel 
component 
(EVA) 
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Figure 6.4 - Build layout for manufacture of TPE midsoles 
The typical processing window for TPE in terms of laser power is 8 - 18 W and parts were produced at the 
lower end of this range in an attempt to achieve good levels of compliance without risking delamination 
issues which are more probable at lower energy densities (197). 
Parameter type Parameter Value 
Laser 
Fill laser power 10 W 
Fill scan spacing 0.127 mm 
Fill scan count 1 
Outline laser power 6 W 
Outline scan count 1 
Beam speed 508 mm/s 
Temperature 
Part heater set point 68 °C 
Feed heater set point (left and right) 30 °C 
Build 
Powder layer thickness 0.152 mm  
 (0.127 mm for cool down stage) 
Warm up height 2.54 mm 
Cool down height 1.27 mm 
Table 6.2 - Key build parameters for manufacture of TPE midsoles 
The MR758 sole units were provided fully assembled, i.e. midsole and outsole combined, as shown in Figure 
6.1. Separate MR758 outsole components, of which there were 8 per midsole, were also supplied by New 
Balance. These were bonded to the TPE midsoles using a UV activated adhesive in order to create 
comparable sole units for testing. This process was carried out at New Balance's UK manufacturing facility in 
Cumbria. Figure 6.5 shows completed sole units of each type prior to testing. 
6.3.3. Test Method 
A quasi-static compression test was selected to allow an initial assessment of the TPE to be made simply and 
quickly. Replication of in-service running conditions is considered in later experimental work (refer to 
Build platform 
y 
x 
z 
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Chapter 7). Section 4.4 comprehensively reviewed mechanical test methods for midsoles, however, a 
suitable quasi-static compression procedure was not identified. Consequently, a new method was devised to 
establish key compressive properties (primarily peak displacement and average stiffness) in both heel and 
forefoot regions of the sole units under slow-rate loading. The method used some elements of existing test 
standards and all key aspects are detailed in the following sub-sections. 
 
 
 
Figure 6.5 - MR758 and TPE replica right sole units 
6.3.3.1. Test Apparatus 
An Instron ElectroPuls E3000 was used to carry out this testing. The ElectroPuls is a table-mounted materials 
testing system which utilises linear electric motor technology to enable static through to highly dynamic 
testing in both tension and compression. The test apparatus is pictured in Figure 6.6 where key components 
are labelled. The machine's load frame comprises a fixed anvil and twin columns which support the 
crosshead assembly. This can be moved vertically in order to adjust the test space and accommodate 
specimens of varying size/volume. The linear electric motor is housed within the crosshead assembly and its 
actuator terminates with a plate to which the load cell and/or test fixtures can be attached. 
In terms of instrumentation the system has three standard transducer channels; one load and two 
displacement, referred to as Load, Position and Digital Position. The load transducer is a 5 kN capacity 
Instron Dynacell. The Position channel uses a Linear Variable Differential Transformer (LVDT) device to 
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provide the absolute displacement of the actuator. Digital Position measurement is via an on-axis mounted 
optical encoder which facilitates more accurate, relative displacement measurement and this was used to 
provide all displacement test data. 
  
Figure 6.6 - Instron ElectroPuls E3000 test apparatus [modified from (198)] 
Two software packages were used in conjunction with the hardware to set-up and run tests; Console 
(version 8.1) and WaveMatrix (version 1.2). Console is the primary control software used to perform all set-
up and configuration tasks prior to testing, such as setting operating limits and tuning values. These act to 
protect the system from overload and ensure stable and optimum replication of target test parameters 
respectively (refer to Chapter 8 for further details). WaveMatrix runs simultaneously with Console and is 
used to create and run test sequences as well as define data acquisition settings. 
The quasi-static test set-up is shown in Figure 6.7 (left); the load cell is attached to the actuator and the tup 
used to load each sole unit interfaced directly with it. The tup geometry is specified in Figure 6.7 (right) and 
was taken from ASTM F 1614 which describes dynamic impact and compression procedures for midsole 
materials as discussed in Section 4.4.2. A steel plate secured to the fixed anvil of the machine provided a 
uniform surface on which to load each sole unit. 
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Figure 6.7 - Test apparatus set-up for quasi-static compression testing (left) and tup dimensions (right) 
6.3.3.2. Test Parameters 
Compression locations were defined according to ASTM F 1976 at 12 % and 75 % of shoe length for heel and 
forefoot regions respectively and in both cases equidistant from lateral and medial edges as shown in Figure 
6.8. 
 
Figure 6.8 - Heel and forefoot compression locations 
All sole units were subjected to 10 cyclic compressions of the loading profile shown in Figure 6.9 at each 
location. The chosen profile was a linear ramp operating between 5 → 1250 → 5 N with a loading/unloading 
rate of 100 N/s. The preload (Fmin) of 5 N was required due to the operating characteristics of the test 
apparatus which could not function about zero load. Table 4.1 specified forces resulting from heel-strike 
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according to bodyweight (BW); a peak force (Fmax) of 1250 N was selected to represent a 60 - 70 kg athlete 
generating two times BW upon heel-strike. The chosen loading rate, profile shape and number of cycles 
were not based upon any known running shoe performance factors. 
 
Figure 6.9 - Loading profile for quasi-static compression tests 
6.3.3.3. Test Conditions 
Tests were conducted at ambient temperature. Whilst the test environment could not be controlled in terms 
of temperature and relative humidity (RH), these variables were recorded at 1 minute intervals during 
testing using a thermometer/hygrometer data logger (resolution = 0.5 °C/%). A target temperature 
specification of 23 ± 2 °C was taken from ASTM F 1614, however, no test methods reviewed in Section 4.4 
specified a target RH range. 
6.3.3.4. Sole Unit Preparation and Conditioning 
All sole units were stored in the test environment for more than 24 hours prior to testing. The compression 
locations were accurately marked onto the plantar surface of each midsole using a template (as shown in 
Figure 6.10) which ensured consistency between all sole units. Left and right templates were created from 
the original midsole CAD data and manufactured via FDM. 
6.3.3.5. Test Procedure 
The first step of the test procedure was to balance the load cell before positioning a sole unit on the base 
plate with the tup aligned directly above the relevant compression location (as shown in Figure 6.7). Fmin was 
then applied and the test started with the sole unit being loaded as described as in Section 6.3.3.2. Heel data 
was obtained first and immediately followed by the forefoot for each sole unit. Following each 10 cycle test 
midsoles were inspected for any signs of damage, e.g. tearing or cracking of the material. Four sole units, 
one pair of each material type, were tested in a randomised order.  
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6.4.1. Heel Data 
Figure 6.12 (left) shows force-displacement profiles for the tenth heel compression of NB and TPE right sole 
units. The profile shapes are very well matched in terms of loading and unloading. In addition, conventional 
and replica variants return to within less than 0.1 mm of their starting thickness as evidenced in both cases 
by closure of the hysteresis upon unloading to Fmin. 
Figure 6.12 (right) indicates average (left and right sole unit) Dmax, S1 and S2 at cycle 10 for NB and TPE sole 
units. Dmax values are 12.88 and 12.52 mm respectively, whilst S1 is also well matched. S2 is 19.6 % higher for 
the TPE sole units. 
  
Figure 6.12 - Cycle 10 heel data; force-displacement profiles for NB and TPE right sole units (left) and average Dmax, S1 and S2 values 
for all NB and TPE sole units (right) 
6.4.2. Forefoot Data 
  
Figure 6.13 - Cycle 10 forefoot data; force-displacement profiles for NB and TPE right sole units (left) and average Dmax, S1 and S2 
values for all NB and TPE sole units (right) 
Figure 6.13 (left) shows force-displacement profiles for the tenth forefoot compression of NB and TPE right  
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sole units. The profile shapes are again well matched and neither material shows
deformation resulting from the loading cycle.
Figure 6.13 (right) indicates average D
considerably reduced in the forefoot compared to the heel due to the 
geometry in this area. Dmax for the TPE sole unit is lower, however, 
variant. S1 and S2 are higher for the former, but within 15 % in both cases
6.4.3. Visual Inspection 
The TPE sole units were not visibly damaged as a result of the cyclic loading; no 
degradation of the material was observed. 
test. No significant permanent indentation of the material is present at the compression location despite use 
of a tup geometry which Verdejo and Mills 
compared to those that would realistically be ex
Figure 6.14 - Heel region of left TPE sole unit post
6.5. Summary 
A quasi-static test method was successfully employed to compare key compressive 
conventional sole units and replica version
conventional outsole. The replica sole units demonstrated comparable compressive responses to the original 
design in both heel and forefoot regions when subjected to loading representative of heel
magnitude but not rate or frequency
of the conventional model. Whilst changes in these parameters over the 10 cycle period were not reported 
above, analysis showed these also to be comparable and in some cases lower for the TPE variant
Given the proximity of the non-optimised 
compressive properties and considering the ability to optimise the 
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and geometry modification (as discussed in Section 4.5.2), TPE demonstrated good potential for running 
shoe midsole applications. However, in order to further assess its feasibility, testing under loading rates and 
cycle numbers representative of in-service use was required. The design of a suitable dynamic test method is 
detailed in the following chapter. 
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Chapter 7 
7. Test Method Design 
Test Method Design 
7.1. Overview 
Chapter 6 identified that TPE 210-S demonstrated comparable performance to a conventional midsole 
construction when subjected to quasi-static loading over low cycle numbers. However, in order to more 
comprehensively understand its capacity to provide functional midsole performance, the LSE needed to be 
tested under conditions representative of in-service use and compared with conventional midsole materials 
subjected to the same test method. This chapter focuses on the design of such a method to facilitate 
assessment of the compressive, fatigue and time dependent recovery properties of both material types. 
Drawing and expanding upon literature presented in Chapter 4, a suitable test approach is selected and 
applicable test standards identified, reviewed and critiqued. Following this, the design of a new test 
specification which closely simulates heel-strike loading conditions during running is documented. Finally, 
the chapter examines how data obtained from tests has been interpreted to provide useful information on 
material performance. 
Test conditions which are considered to be representative of actual running conditions are referred to as 
biofidelic in subsequent text. 
7.2. Selection of Test Approach 
Section 4.4 provided a comprehensive review of mechanical test methods used to assess midsole material 
properties/performance. Given the research aims outlined in Chapter 5, only two of the approaches 
identified were applicable; a drop-weight impact or force-controlled compression test. Details of each test 
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type were discussed in Sections 4.4.3 and 4.4.4. Selection between these two approaches was ultimately 
based on the suitability of available test equipment as outlined below. 
A drop-weight based system (Instron Dynatup 9250 HV) was available for use in this research, however, it 
did not facilitate automated load cycling making fatigue testing impractical. Verdejo and Mills (131) achieved 
long-term cyclic impact testing using a custom test rig as described in Section 4.4.3. The authors were 
contacted regarding use of this equipment, however, it was not available. Consequently, a force-controlled 
compression approach was selected given the capabilities of the Instron ElectroPuls E3000 system described 
in Section 6.3.3. This test apparatus presented the best opportunity in terms of fatigue assessment; enabling 
automated cyclic testing across a broad frequency range. Furthermore, the system offered versatility in 
terms of force application by way of user-defined force-time functions. The test system is discussed further 
in Section 7.6.1. 
Communication with representatives from the sports footwear industry confirmed the validity of the force-
controlled approach and that similar non-impact type regimes are commonly used for development 
purposes by major footwear manufacturers (199,200). 
7.3. Identification of Relevant Test Standards 
In view of the chosen test approach, only one of the test standards identified in Section 4.4.2 was relevant; 
ASTM F 1614 - Standard Test Method for Shock Attenuating Properties of Material Systems for Athletic 
Footwear. The majority of other procedures reviewed involved static (e.g. ASTM D 395), quasi-static (e.g. 
ASTM D 3574) or other non-representative test conditions (e.g. ASTM D 2632) and hence were not 
considered further. ASTM F 1614 Procedure B relates to cyclic force-controlled compression and was 
therefore used as the basis from which to develop a test method specification. The following section reviews 
the test procedure in detail. 
7.4. Review of ASTM F 1614 Procedure B 
7.4.1. Overview 
ASTM F 1614 describes three procedures for assessment of the force-displacement characteristics of 
materials employed in the midsole of running shoes by uni-axial impact or compression at loading rates 
representative of heel-strike during normal running movements. The different procedures relate to the type 
of test apparatus used; Procedure A is for drop-weight impact, Procedure B for force-controlled compression 
and Procedure C for displacement-controlled compression machines. The primary common requirement 
between all three procedures is the maximum energy applied to the specimen which should be within ± 10 % 
of a 5 J reference value. This value is empirically based upon the use of an 8.5 kg mass released from a height 
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of 50 mm, which is claimed to generate peak compressive forces comparable to those experienced by a 
midsole during heel-strike1. These conditions also define Procedure A. 
The following sub-sections outline all test method requirements for ASTM F 1614 Procedure B and describe 
its implementation. All information, unless otherwise stated, comes from the standard which can be found in 
its entirety in Appendix B. 
7.4.2. Test Apparatus and Specification 
ASTM F 1614 B uses a mechanical, hydraulic or pneumatic driven system to impose a force which results in 
the reference energy of 5 ± 0.5 J being applied to the specimen. A schematic representation of the test 
apparatus indicating key components is shown in Figure 7.1. (201) 
 
Figure 7.1 - Schematic of ASTM F 1614 B test apparatus indicating key components [redrawn from (202)] 
 
Figure 7.2 - ASTM F 1614 tup dimensions [redrawn from (202)]  
                                                           
1
 These parameters are derived from studies by Misevich and Cavanagh (180) and Denoth (201). 
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The specimen is located on the fixed anvil support; a flat rigid plate normal to the direction of force 
application and with a geometry providing contact over the whole lower surface of the specimen. Rigid 
conditions are defined by the fixed anvil assembly displacement being ≤ 2 % of specimen displacement. The 
specimen is compressed by a flat cylindrical tup of the dimensions shown in Figure 7.2. The whole load string, 
driven assembly-tup-specimen-fixed anvil assembly, should be centrally aligned to within ± 2.5 mm. 
Instrumentation is required to determine force, displacement and time during the complete load/unload 
cycle according to the minimum specifications detailed in Table 7.1. 
Parameter Specification 
Force capacity ± 3.5 kN 
Force measurement location ± 2.5 mm of the central axis of the driven assembly 
Data acquisition rate 1 kHz 
Accuracy ± 3 % of actual value  
Calibration frequency Annual 
Table 7.1 - Minimum instrumentation specifications for ASTM F 1614 B test apparatus 
7.4.3. Key Test Parameters 
The test apparatus is used to apply a force-time profile which, for the complete load/unload cycle, can 
approximate a haversine function as shown in Figure 7.3 (left). The peak force (FM) is reached within 15 ± 5 
ms and is set on a per specimen/material basis to yield a maximum applied energy of 5 ± 0.5 J. The maximum 
applied energy is equivalent to the area under the force-displacement curve up to the point of maximum 
displacement and can be calculated by numerical integration. Figure 7.3 (right) shows the cyclic loading 
requirement; the time period between force peaks is 2 ± 1 s, i.e. a compression frequency in the range 0.33 - 
1 Hz. 
  
Figure 7.3 - ASTM F 1614 B loading profile (left) and frequency requirements (right) [redrawn from (202)] 
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7.4.4. Test Conditions 
Tests should be conducted in the standard laboratory atmosphere of 23 ± 2 °C. 
7.4.5. Specimen Geometry 
The standard specimen geometry is shown in Figure 7.4. The faces in contact with the fixed anvil support and 
tup should be parallel, the thickness (B) should range from 5 - 35 mm and minimum cross-sectional 
dimensions should be 76 x 76 mm. The standard also permits non-standard geometries with irregular surface 
alignments as would commonly be found in midsoles. 
 
Figure 7.4 - ASTM F 1614 standard specimen geometry [redrawn from (202)] 
7.4.6. Specimen Preparation and Conditioning 
ASTM F 1614 provides no details regarding preparation of appropriately dimensioned specimens, i.e. cutting 
procedures. Furthermore, no specific environmental conditioning regime is given for ambient temperature 
tests conducted at 23 ± 2 °C. Specimens to be tested at non-ambient temperatures should be stored in the 
desired environment for at least 4 hours or until they have reached temperature. 
7.4.7. Test Procedure 
The step-by-step test procedure as defined by ASTM F 1614 B is outlined below: 
 
 
 
 
 
1. Measure and record the specimen thickness (B) to the nearest 0.5 mm at the compression area2. 
2. Condition the test specimen for temperature if required. 
3. Locate the specimen on the fixed anvil assembly ensuring central alignment with the tup. Secure the 
specimen to prevent transverse movement using a preload of 10 - 20 N. 
                                                           
2
 No procedure or equipment details are provided for specimen thickness measurement. Also the 'compression area' is not explicitly defined. 
76 mm (minimum) 
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4. Using no more than 5 set-up compressions, adjust the peak force and loading rate such that the 
maximum applied energy and time to peak force are within the target range detailed in Section 7.4.3. (If 
excessive cycle numbers are required as evidenced by permanent deformation, the specimen should be 
changed). 
5. Pause for at least one minute. (Hysteresis energy loss during the compression cycle can result in 
temperature increase which can reduce specimen stiffness). 
6. Perform 25 conditioning cycles and with no pause between record test data for the following 5 cycles. 
(25 cycles is noted to be strongly influenced by the practical operation of drop-weight devices for 
Procedure A and not related to any known running shoe performance factor. 1000 cycles is a frequently 
used conditioning regime for Procedures B and C where automation is possible). 
7. Remove specimen and note any unusual damage or degradation that has occurred. 
7.4.8. Results and Calculation 
The mean and standard deviation (for cycles 26 - 30) of each parameter listed in Table 7.2 should be 
determined from the force-displacement-time data. Some values can be extracted directly from the raw data 
and others require additional calculation as detailed. The key values used to assess material performance are 
hysteresis energy, peak pressure, peak strain and average stiffness. Each has varying importance depending 
on the design objective of the material/component within the midsole. Figure 7.5 shows some example plots 
for a single compression cycle which graphically illustrate some of the key values defined in Table 7.2. Force 
and energy are plotted against displacement (left) and against time (right). 
Variable Abbreviation Calculation Unit 
Peak force FM - N 
Maximum displacement DM - mm 
Maximum applied energy UM Area under the loading portion 
of the force-displacement curve 
up to DM. 
J 
Hysteresis energy UF Area enclosed between the 
loading and unloading portions 
of the force-displacement 
curve
1
. 
J 
Hysteresis energy ratio HER UF/UM - 
Time to maximum displacement TM - ms 
Normalised
2
 peak force FMN FM(UR/UM)
0.5
 N 
Normalised maximum displacement DMN DM(UR/UM)
0.5
 mm 
Normalised peak pressure PMN FMN/A Pa 
Normalised peak strain εN DMN/B - 
Normalised average stiffness SmN FMN/DMN N/mm 
A Tup cross-sectional area (m
2
) B Specimen thickness (mm) UR Reference energy (J) 
1 
More detailed information on the calculation of energy values can be found in Section 7.7. 
2 
Details of the normalisation process including its derivation can be found on page 8 of the full test standard in Appendix B. 
Table 7.2 - Parameters to calculate and report from ASTM F 1614 test data 
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Figure 7.5 - ASTM F 1614 example results [redrawn from (202)] 
7.5. Critique of ASTM F 1614 Procedure B 
In view of the research requirements a number of problems and limitations were identified with ASTM F 
1614 B. These are discussed in the following sub-sections. 
7.5.1. Force-Time Profile 
7.5.1.1. Peak Force 
ASTM F 1614 B specifies that peak force should be set to yield a maximum applied energy of 5 ± 0.5 J. 
Applied energy is a function of force and displacement and can be calculated by numerical integration of the 
force-displacement curve (refer to Section 7.7 for further details). In order to achieve a value within the 
target range, peak force must be adjusted through a series of trial compressions and subsequent calculations 
on a per specimen/material basis. Whilst applied energy can be accurately set for the first compression of a 
test, inevitable change in specimen displacement with cycle number will cause variation in this parameter by 
an unknown amount. Although this effect is likely to be more pronounced with increased cycle number, the 
applied energy could feasibly fall outside the target range considering the low cycle regime suggested by the 
standard. 
The consistency of test conditions is therefore dependent on a material's response to loading which 
potentially limits the validity of material-to-material comparisons. Furthermore, none of the studies utilising 
force-controlled compression approaches discussed in Section 4.4.3 adopted this method; in all examples 
peak force was fixed and applied energy measured. 
7.5.1.2. Time to Peak Force 
Section 4.2.3 discussed GRF's and from biomechanical studies identified the time to peak vertical force during 
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during heel-strike to typically be in the range 20 - 30 ms. ASTM F 1614 B suggests a time to peak force of 15 
ms which is not consistent with this GRF data.  
7.5.2. Loading Frequency 
Figure 4.7 identified equivalent stride frequencies for various running speeds, calculated using the 
relationship between the two variables derived by Verdejo and Mills (131). Using this data it can be 
concluded that the loading frequency suggested by ASTM F 1614 B of 0.33 - 1 Hz is too low to correspond to 
a realistic running speed. A frequency greater than 1.35 Hz provides realistic simulation, whilst 1.50 - 1.65 Hz 
is representative of elite athlete average speed over typical road running events; 10 km to marathon 
distance (refer to Table 4.2). Frequencies greater than 1.65 Hz would generally be associated with speeds 
reached during middle-long distance track running and sprinting where alternative footwear types are used. 
7.5.3. Total Cycles and Test Regime 
ASTM F 1614 B specifies a standard regime of 30 load cycles per specimen. Whilst sufficient to highlight the 
general characteristics of a material’s compressive response, the suggested approach does not facilitate 
assessment of fatigue behaviour; a critical aspect of midsole material performance. In addition, the 
procedure does not incorporate any post-test thickness measurements to allow calculation of compression 
set and time dependent recovery which are useful mechanical performance indicators as previously 
identified in Chapter 4.  
7.5.4. Specimen and Tup Geometry 
The test standard specifies a smaller tup contact than specimen upper surface area. Therefore, the specimen 
is not compressed uniformly and the area over which force is applied cannot be explicitly defined as 
depicted in Figure 7.6. Consequently, any calculation/analysis involving area (e.g. peak pressure) becomes 
problematic. Furthermore, Verdejo and Mills (179) report that this tup-specimen arrangement produces a 
pressure distribution on the upper surface of the specimen unlike those recorded in-shoe. More specifically, 
it results in excessive peak pressures near the tup edge which would likely cause accelerated deterioration 
compared to in-service conditions.  
 
Figure 7.6 - Issues with ASTM F 1614 tup and specimen arrangement 
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Given the issues highlighted above, ASTM F 1614 B was not followed directly for this research. A new 
improved test method was developed as detailed in the following section with each of the aforementioned 
issues addressed in its design. 
7.6. New Test Method Specification 
The new method was designed to assess compressive, fatigue and time dependent recovery properties of 
midsole material specimens under conditions which, as closely as possible, represent those experienced in-
service considering a simplified uni-axial mechanical approach. In the following sub-sections, information 
from Sections 7.4 and 7.5 coupled with literature from Chapter 4 is used to define all key aspects of the new 
cyclic force-controlled compression method. 
7.6.1. Test Apparatus 
As noted in Section 7.2, an Instron ElectroPuls E3000 was selected to conduct all testing, the configuration 
and basic operation of which were described in Section 6.3.3.1. Key machine specifications are listed in Table 
7.3 and these comply with the requirements of ASTM F 1614 B outlined in Table 7.1. In addition, fixture of 
the test apparatus to a high stiffness table (provided by Instron) ensured the previously defined rigid 
condition criterion of ASTM F 1614 B was also met. 
 Parameter Value 
Force 
Load cell rating (absolute capacity) ± 5.0 kN 
Dynamic test capacity ± 3.0 kN 
Static test capacity ± 2.1 kN 
Measurement accuracy ± 0.5 % of actual value 
Measurement repeatability < ± 0.25 % of reading (from 1 - 100 % of cell rating) 
Calibration frequency Annually to UKAS standard 
Displacement 
Actuator stroke (maximum) 60 mm 
Actuator frequency > 100 Hz (displacement dependent) 
Measurement accuracy ± 0.5 % of actual value 
Calibration frequency Annually to UKAS standard 
Data Acquisition rate up to 5 kHz 
Table 7.3 - Instron ElectroPuls E3000 key specifications (198,203)  
The dynamic test set-up is shown in Figure 7.7. The load cell was attached to the fixed anvil of the test 
apparatus and custom compression platens manufactured to dimensions facilitating uniform specimen 
compression, therefore eliminating the issues with ASTM F 1614 B highlighted in Section 7.5.4. 
With reference to Figure 7.7, a lower steel platen secured to the load cell (via a pin and locking collar 
combination) supported the specimen. The aluminium upper platen was attached from the top side of the 
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actuator fixture plate such that a flat uniform surface was presented to the specimen. Aluminium was used 
to minimise fixture mass as any additional mass attached to the actuator limits the dynamic capabilities of 
the system; actuator acceleration is decreased and therefore its ability to rapidly change direction reduced. 
 
Figure 7.7 - Test apparatus set-up for dynamic compression testing 
In order to ensure consistent central alignment of each specimen, to within ± 2.5 mm as specified by ASTM F 
1614 B, the specimen outline was scribed centrally on the top surface of the lower platen (refer to Section 
7.6.2 for specimen geometry details). 
The ElectroPuls system is unique in terms of its linear electric motor drive and control principle (184). No 
previous studies have reported on the use of this type of test apparatus for footwear testing; all prior work 
relates to hydraulic or drop-weight impact systems. 
7.6.2. Test Specimens 
7.6.2.1. Geometry 
Despite the specific focus on running shoe midsole applications, a standardised geometry was selected in 
order to simplify results analysis and maximise the applicability of the work beyond the footwear field. 
Six conventional midsole materials (various grades of EVA and PU foam) were supplied by New Balance in 
sample plaque format with the nominal dimensions shown in Figure 7.8. These plaques are used by the 
company to assess the physical and mechanical properties of materials for quality control as well as 
development purposes. Specimens are cut from the plaques according to the requirement of the particular 
test and example measurements include tensile strength (ASTM D 412) and compression set (ASTM D 395) 
(204). Section 8.2 discusses the test materials in further depth. 
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Figure 7.8 - Conventional midsole material plaque and dimensions
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increased loads as well as the use of geometry to modify the mechanical response of an LSE material. Section 
4.2.4 discussed plantar pressures generated during ground contact and established that peak pressure in the 
heel region could reach approximately 1 MPa during normal running movements. Figure 7.10 indicates the 
force required to generate 1.5 times this typical maximum value considering square specimens of varying 
size. It shows that cross-sections less than 45 x 45 mm allow simulation of these worst-case conditions 
considering the dynamic loading capacity of the test apparatus. 
 
Figure 7.10 - Force required to generate 1.5 MPa according to specimen cross-section 
Cross-sectional dimensions were set at 39 x 39 mm in order to meet the aforementioned loading criterion 
whilst also enabling a unit cell approach to geometry integration for LSE specimens (see Figure 7.11). By 
selecting a cross-section that allows division into equal unit cells, any geometry modifications can be 
configured for a single cell then repeated to form the complete specimen. This facilitates a simple and 
standardised approach to geometry implementation which is a key aspect of further research beyond the 
work presented in this thesis (refer to Chapter 12). 
 
Figure 7.11 - Final specimen dimensions and unit cell design method 
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7.6.2.2. Preparation 
Conventional midsole material specimens were cut from the plaques provided using a cutting form and 
manual arbor press set-up as illustrated schematically in Figure 7.12. The cutting form comprised four 
stainless steel blades mounted in a wooden block and was connected to the arbor press ram via a machined 
connector in order to maximise consistency between cuts. Three test specimens of each material were taken 
from the centre of separate plaques and hence any range or standard deviation values for an individual 
material represent inter-plaque variability. Taking specimens from the same location was critical as 
mechanical properties can vary based on position within a plaque (205). 
                             
Figure 7.12 - Schematic of foam cutting apparatus set-up 
TPE specimens were manufactured at the selected dimensions (refer to Chapter 10 for details). All specimen 
centres were marked on both sides prior to testing to enable consistent measurement of central specimen 
thickness using the digital indicator set-up shown in Figure 7.9. 
7.6.2.3. Conditioning 
All specimens were stored in the test environment for at least 24 hours prior to testing. All conventional 
midsole material specimens were cut from plaques (as described above) precisely 24 hours prior to testing to 
allow adequate and consistent recovery time considering any deformation caused by the cutting process. 
7.6.3. Test Parameters 
7.6.3.1. Force-Time Profile  
The load impulse portion of the force-time profile was designed to closely simulate the passive phase of a 
typical vertical GRF curve (refer to Figure 4.5) and therefore mimic the loading conditions experienced by the 
midsole during heel-strike. The passive phase was selected as it represents worst-case conditions in terms of 
loading rate and use of the complete profile would have been inappropriate as active and passive phases are 
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applied to different areas of the midsole. Simultaneous incorporation of horizontal GRF components 
(anteroposterior and mediolateral) within a uni-axial set-up was considered by way of fixture design (i.e. 
wedged platens) but dismissed due to over-complication, particularly in terms of results analysis. This is 
discussed further in Chapter 12. 
The load impulse portion of the target force-time profile is shown in Figure 7.13 and operates between 100 
→ 1250 → 100 N according to a standard haversine function, with loading/unloading occurring in 25 ms. 
Selection of preload, peak force, time to peak force and profile shape are justified below. 
 
Figure 7.13 - Target force-time profile (load impulse) 
Preload: As described in Section 6.3.3.2, the test apparatus could not operate about zero load and therefore 
a preload was required. This also ensured no movement of the specimen during testing without the need for 
an additional fixture method. Initial tests identified that a minimum preload of 100 N was necessary in order 
to ensure stable test conditions; lower values resulted in overshoot of the preload value during unloading to 
a momentary no-load state, i.e. the actuator would lose contact with the specimen before onset of the next 
compression. 
Time to peak force: Rather than follow the ASTM F 1614 B guideline of 15 ms, a target time to peak force of 
25 ms (with a resulting average loading rate of 46 kN/s) was selected in line with vertical GRF data presented 
in Section 4.2.3. However, ultimately loading rate was dependent on test apparatus capabilities. These are 
discussed in Section 8.3 which deals with optimising replication between actual and target specifications.  
Peak force: Given the issues with ASTM F 1614 B outlined in Section 7.5.1.1, peak force was fixed across all 
tests and selection of a suitable value is detailed below. As test specimens were not representative of the 
heel portion of a conventional midsole in either thickness or cross-section, defining peak force on the basis 
of typical vertical GRF magnitudes recorded biomechanically was not appropriate. Furthermore, peak 
pressure studies show that mid- and forefoot structures begin weight bearing within the time taken to reach  
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peak vertical force, indicating that it is not solely applied to the heel region of the shoe (127). 
Instead, peak force was defined such that a suitable peak pressure was generated according to specimen 
cross-section, as per Verdejo and Mills (131). Section 4.5.2 discussed plantar pressures recorded in-shoe 
during distance running and identified that these typically vary between 100 - 1000 kPa depending upon 
location. Various authors (123–125) specify heel region peaks in the range 200 - 450 kPa, however, Hennig 
and Milani (127) report peak pressures up to 1040 kPa in the lateral aspect of the heel when assessing 
multiple subjects and shoe models. Table 7.4 specifies pressures generated by forces in the range 250 - 2000 
N given the specimen cross-section of 39 x 39 mm. A target peak force of 1250 N was selected in order to 
represent the upper range of peak pressure typically experienced by the heel region of the midsole. 
Force (N) Pressure (kPa) 
250 164 
500 329 
750 493 
1000 657 
1250 822 
1500 986 
1750 1151 
2000 1315 
Table 7.4 - Pressure generated by various forces for a specimen of cross-section 39 x 39 mm 
Profile shape: Figure 7.14 (left) shows vertical GRF profiles from various studies; Cavanagh and Lafortune 
(110), Moriyasu and Nishiwaki (206), Cavanagh et al (109) and Nigg (107) reconstructed on normalised axes. 
  
 
Figure 7.14 - Normalised vertical GRF profiles (left) and normalised passive loading phase of each vertical GRF profile compared with 
a standard haversine curve (right) [reconstructed from (107,109,110,206)] 
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Figure 7.14 (right) shows only the loading portion of the passive phase of each profile compared with a 
standard haversine curve. It indicates that the latter provides an accurate approximation to heel-strike 
loading and therefore the use of actual GRF data to increase test biofidelity would provide no additional 
value. Consequently, the selected load impulse followed a standard haversine curve according to Equation 3. 
  11501  cos402   100 (3) 
  
Preload, peak force and time to peak force are referred to as Fmin, Fmax and TFmax respectively in subsequent 
text, figures and tables. 
7.6.3.2. Loading Frequency 
Many previous studies, especially those implementing drop-weight procedures, do not specify loading 
frequency (148,154,179). Others (131,181) use a rapid load impulse followed by a hold/no load period as per 
ASTM F 1614 B, but set loading frequency to replicate typical rates of foot-strike seen during distance 
running. In contrast, some authors implementing force-controlled compression testing have used pure cyclic 
loading conditions (150,182,183) that are not biofidelic. For example, to compress the heel region of various 
shoe models, Cook et al (183) used a 2.5 Hz waveform operating between zero and approximately 1500 N 
and Aguinaldo and Mahar (150) used the 5 Hz waveform shown in Figure 7.15. One advantage of an 
accelerated approach like this is significant test time reduction when implementing fatigue regimes. 
 
Figure 7.15 - Loading frequency condition used by Aguinaldo and Mahar (150) 
Walker (182) describes how for a typical midsole elastomer, following removal of an applied stress, recovery 
takes place over a greater time-scale than that associated with the difference between consecutive loadings 
in the aforementioned tests. Considering this, implementation of a fractional hold/no load period between 
load impulses when replicating in-service conditions may not allow tangible material recovery before onset 
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of the next compression and hence, an accelerated loading frequency may also be valid for long-term 
performance testing of midsole materials. However, no literature specifically reports the effects of loading 
frequency on fatigue properties considering the material and test types involved and therefore the validity of 
such an approach is unknown. As a result, two loading frequency conditions were initially defined; a 
biofidelic and an accelerated condition, both of which are shown in Figure 7.16. 
   
Figure 7.16 - Biofidelic (left) and accelerated (right) loading frequency conditions 
The biofidelic condition consisted of the load impulse defined in the previous section followed by a hold 
period at Fmin. Sections 4.2.5 and 7.5.2 discussed the relationship between stride frequency and running 
speed. A loading frequency of 1.6 Hz was selected in order to represent the upper range of elite athlete 
average speed for distance running events. Using Equation 2, this translates to an equivalent running speed 
of 5.81 m/s which lies between world record marathon and 10 km average speeds. 
The accelerated condition consisted of the same load impulse applied cyclically therefore ensuring the 
loading rate remained biofidelic (unlike in previous work). Both conditions are investigated in Section 8.4 
where the effect of loading frequency on fatigue properties is examined in order to select the most suitable 
approach for this work.  
7.6.3.3. Total Cycles 
Table 7.5 specifies the number of cycles required to represent various run distances between 10 and 2000 
km considering a stride frequency of 1.6 Hz. These figures were calculated in accordance with Equation 2 as 
detailed below. 
  
0
1250
0
F
o
rc
e
 (
N
)
Time (s)
0.625 s
1250
100
0.025      
0
1250
0 1
F
o
rc
e
 (
N
)
Time (s)
1250
100
0 0.025      
0.050 s
Chapter 7 | Test Method Design 
 
 
 
 
 
84 
Run distance (km) Cycles 
10 2752 
21.1 (½ marathon) 5807 
42.2 (marathon) 11613 
100 27,523 
200 55,045 
300 82,568 
400 110,090 
500 137,613 
1000 275,226 
1500 412,839 
2000 550,452 
Table 7.5 - Number of cycles required to represent various run distances considering a 1.6 Hz stride frequency 
Given the relationship between running speed (v) in m/s and stride frequency (SF) in Hz: 
	  11.284  12.241 (2) 
  
Stride length (SL), i.e. the distance in metres between successive strikes of the same foot can be calculated 
using: 
  	/ (4) 
  
Therefore, the number of cycles (n) required to represent a run distance (d) in metres is: 
!  "/ (5) 
 
Many previous studies investigating midsole mechanical performance consider only a few cycles (less than 
100) and do not assess fatigue characteristics (148,150,154,179). Of those implementing extended test 
regimes, Verdejo and Mills (131) subjected two sets of EVA specimens to equivalent run distances of 270 km 
and 1377 km given the impact frequency of 1.76 Hz. Whilst total cycle numbers were not specified, 
calculation suggests these regimes relate to 63,000 and 321,300 cycles respectively. Schwanitz et al (181) 
tested complete shoes over 240,000 cycles at 1.4 Hz which they state simulates 600 km of running. Neither 
study provides justification for the selected cycles numbers/distances. 
In terms of typical shoe life, New Balance state that whilst significant variation can exist depending upon the 
athlete, 450 - 650 km is a reasonable assumption for a standard running shoe (207). In line with the footwear 
manufacturers estimation, each test specimen was subjected to 125,000 cycles; equivalent to just over 450 
km of running using the calculations above and assuming a 1.6 Hz stride frequency. 
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7.6.4. Test Conditions 
Tests were conducted at ambient temperature. As explained in Section 6.3.3.3, the test environment could 
not be controlled in terms of temperature and RH, but these variables were recorded during each test at 1 
minute intervals using a thermometer/hygrometer data logger (resolution = 0.5 °C/%). This data is reported 
along with mechanical test results in Chapters 9 and 10 where any deviations from the target temperature 
specification of 23 ± 2 °C have been highlighted. As mentioned previously, no relevant standard test methods 
provide guidelines for RH. 
7.6.5. Test Regime 
Previous studies investigating the long-term mechanical performance of midsole materials have adopted 
different approaches in terms of test regime. Some authors (181,182) subject each specimen to a single 
continuous test. Others, like Verdejo and Mills (131), implemented a number of relatively short test runs 
(corresponding to a realistic maximum run time) separated by set recovery periods. Whilst the latter 
approach is more biofidelic, incorporation of multiple recovery periods significantly complicates analysis and 
comparison of fatigue behaviour between materials as it must be considered simultaneously with the 
recovery which occurs between each test run. Verdejo and Mills (131) highlight this characteristic in their 
results. 
In order to facilitate effective and readily interpretable material-to-material comparisons, whilst still allowing 
assessment of time dependent recovery, the following test regime was selected. Each specimen was 
subjected to a primary continuous test run of 125,000 cycles, followed by a 48 hour recovery period which 
was immediately proceeded by a secondary test run of 5000 cycles. In this way, compressive and fatigue 
behaviours could be established using data from the primary test run and time dependent recovery assessed 
independently by monitoring specimen thickness during the recovery period, as well as by comparing data 
between primary and secondary test runs. A detailed step-by-step protocol is covered in Section 8.6. 
7.6.6. Measured Parameters and Data Acquisition 
During each test, force, displacement and time data was captured by the test apparatus at an acquisition 
rate of 5 kHz with a reduction rule applied such that only load changes ≥ 0.25 N were recorded. These 
settings ensured sufficient data capture during the rapid load impulse whilst removing excessive data points 
during any hold periods. All data was filtered using the test system's default settings; a resampling frequency 
of 1/5th of the data acquisition rate (1 kHz) and a 4-pole Butterworth filter. For both test runs data was 
captured from the first compression at single cycle intervals up to cycle 2000, after which every 100th cycle 
was recorded in the interest of reducing resultant file size. 
Specimen thickness measurements were taken immediately prior to primary and secondary test runs as well 
as at a number of specific times between them. This enabled analysis of compression set and time 
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dependent recovery as noted in the previous sub-section. Pre-test thickness measurements were taken 
using the digital indicator set-up described in Section 7.6.2.1 at the pre-marked centre of each specimen on 
both sides. The method and frequency of measurement required during the 48 hour recovery period in order 
to suitably capture the recovery characteristics of each material was determined through some initial 
experimental work which is discussed in Section 8.5. 
In addition, the mass and cross-sectional dimensions of each specimen was measured prior to testing using a 
precision balance (resolution = 0.0001 g) and Vernier callipers (resolution = 0.01 mm) to enable assessment 
and comparison of density between material types. Four cross-sectional measurements were taken per 
specimen and values averaged. 
7.7. Tests Results; Calculation and Interpretation 
As described in the previous section, the test apparatus captured force-displacement-time history and 
additional thickness measurements were taken. In the subsequent chapters this data has been used to 
assess the mechanical performance of each material in terms of compressive, fatigue and time dependent 
recovery properties as well as report the precision and repeatability of test conditions with respect to target 
parameters. The following sub-sections describe how the raw data has been used to calculate meaningful 
values/plots in each of the aforementioned areas. Results have not been presented as per ASTM F 1614 B 
(detailed in Section 7.4.8), however, some of the same parameters and calculations are used. 
7.7.1. Test Precision and Repeatability 
The precision (i.e. the proximity of actual to target) and repeatability of test conditions throughout and 
between tests has been assessed in order to ensure the validity of comparisons between different specimens 
and material types. These factors have been evaluated by monitoring throughout tests the deviation from 
target values of fixed loading profile parameters; Fmin (at cycle time zero), Fmax and TFmax. 
7.7.2. Compressive Properties 
The compressive properties of each material have been assessed using the force-displacement curve and the 
following parameters derived from it; peak displacement, average stiffness and hysteresis energy ratio. The 
calculation of each from the raw data is described below. 
7.7.2.1. Force-Displacement Curve 
Three specimens of each material were tested and average force-displacement curves have been calculated 
using the method illustrated in Figure 7.17 and explained below. 
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Figure 7.17 - Method for averaging force-displacement curves 
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With reference to Figure 7.17, plot (a) shows the original force-displacement data (load impulse portion only) 
for a single specimen. The curve has then been re-sampled at fixed load intervals of 25 N, from Fmin (100 N) 
up to and including Fmax, using linear interpolation to create a new curve as shown in plot (b). Load intervals 
have been offset by 12.5 N between load and unload portions of the curve to prevent direct overlap of error 
bars. With all three specimen curves re-sampled, the average displacement at each fixed load interval has 
been calculated as depicted in plot (c) and therefore the average force-displacement curve formed as shown 
in plot (d) where error bars represent the minimum and maximum displacement at each load point. 
The same technique has also been applied to create average force-time profiles from multiple data sets in 
subsequent chapters.  
7.7.2.2. Peak Displacement 
Peak displacement (Dmax) values have been extracted directly from the raw data, no additional calculation 
was required. 
7.7.2.3. Average Stiffness 
Average stiffness values have been calculated across two separate load ranges as per Section 6.4. However, 
for dynamic tests, ranges were set between 100 - 625 N and 625 - 1150 N. Lower (S1) and upper (S2) average 
stiffness have been determined as shown in Figure 7.18 with linear interpolation used to establish D1 and D2 
at the exact load values. 
 
Figure 7.18 - Calculation of S1 and S2 for dynamic tests 
7.7.2.4. Hysteresis Energy Ratio 
The hysteresis energy ratio (HER), as defined by ASTM F 1614, is the ratio of hysteresis energy (Eh) to the 
total energy applied during loading (Ea). The HER provides a neat comparative parameter, varying between 0 
and 1 depending on the energy characteristics of the material; 0 indicates a perfectly elastic response and 1 
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denotes no energy returned to the driven assembly (202). Consequently, HER has been used to compare the 
various materials tested. Section 4.4.4 defined the areas of the force-displacement curve relating to Ea and 
the energy returned upon unloading (Er). These areas have been calculated using the trapezium rule at a 
resolution of 0.2 ms and HER calculated using Equation 6. 
#$  %  &/% (6) 
  
7.7.3. Fatigue Properties 
As discussed in Section 4.4.4, for conventional midsole materials loaded in compression, catastrophic failure 
is unlikely to occur almost regardless of the applied number of cycles. Consequently, fatigue characteristics 
have been evaluated simply based upon the percentage change in each mechanical property outlined in 
Section 7.7.2; Dmax, S1, S2 and HER over the selected test period. Various authors (131,181,183) have used 
similar approaches. 
In addition, compression set (CS) at primary test completion has been used to compare the fatigue 
performance of all materials tested. Calculated using Equation 7, original specimen thickness (to) has been 
taken from pre-test digital indicator measurements and final specimen thickness (ti) determined using 
displacement data from the test apparatus knowing the start position of the actuator relative to to. 
'  ()*  )+)* ,  100 (7)  
   
7.7.4. Time Dependent Recovery Properties 
Specimen thickness measurements taken pre-test and at specific times during the 48 hour recovery period 
have been used to establish the magnitude and speed of each material's dimensional recovery post-test. 
Recovery attributes have been assessed further by comparing force-displacement characteristics from 
matching cycles in primary and secondary test runs. The equivalence of these values is indicative of a 
material's ability to recover following repeated loading. Unlike compression set, this method determines 
restoration of actual mechanical properties as opposed to only physical dimensions. 
7.8. Summary 
In this chapter the specification for a new dynamic test method has been outlined. Whilst all existing test 
standards were found to be unsuitable for direct implementation, ASTM F 1614 B was used as a foundation 
from which to develop the new approach, where each aspect was carefully considered utilising relevant 
literature and additional test standards. 
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The method involves loading midsole specimens in a manner representative of in-service heel-strike 
(considering a simplified uni-axial approach) over a regime designed to mimic shoe-life and facilitating 
assessment of compressive, fatigue and time dependent recovery properties. 
The following chapter details practical investigation carried out to finalise key aspects of the specification. 
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Chapter 8 
8. Test Method Implementation and Development 
Test Method Implementation and 
Development 
8.1. Overview 
Section 7.6 covered the design of a new dynamic test method using data from literature and test standards. 
This chapter covers implementation and development of the method on the selected test apparatus, dealing 
with aspects of the specification that required practical investigation to finalise. 
Firstly, it details features of test apparatus set-up/operation to ensure stable loading conditions for all 
materials whilst achieving adequate replication of the target force-time profile. Secondly, the effect of 
loading frequency on the fatigue characteristics of materials is investigated in order to select between the 
biofidelic and accelerated loading frequency approaches proposed in Section 7.6.3.2. Finally, post-test 
recovery of specimen thickness is examined in order to establish a suitable measurement method and 
frequency. The final test specification and protocol are detailed at the end of the chapter. 
8.2. Material Selection 
All work in this chapter was carried out with conventional midsole materials only. Various midsole foams 
were provided by New Balance in sample plaque format (as described in Section 7.6.2.1); three grades of 
EVA and three grades of PU classified according to their Shore C hardness. The softest and hardest variants 
used in production were represented in the selection. Basic specification data is detailed in Table 8.1. EVA 
plaques were compression moulded and PU plaques produced via an open-pour moulding process (204). 
Both materials types had an integral skin as described in Section 4.3.3.2.  
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For the experimental work discussed in the following sub-sections, all specimens were cut from separate 
plaques using the method described in Section 7.6.2.2 and conditioned as outlined in Section 7.6.2.3. 
Materials are referred to as EVA or PU with a prefix of their Shore C hardness in all subsequent text, figures 
and tables. 
Property 
EVA materials PU materials 
Abzorb-45 C-CAP-57 C-CAP-65 PU-57 PU-65 PU-70 
Hardness (Shore C) 45 57 65 57 65 70 
Specific gravity  (no unit) 0.20 0.22 0.30 0.32 0.34 0.38 
Elongation at break (min.) (%) 250 250 250 350 350 350 
Typical thickness used in 
midsole construction 
(mm) 4 - 24 
Table 8.1 - Basic specifications for New Balance midsole materials (170) 
8.3. Investigating Force-Time Profile Replication 
8.3.1. Overview 
Tuning is an essential part of test set-up for dynamic material test apparatus. In the case of the Instron 
ElectroPuls E3000 used here, tuning revolves around an estimation of load string stiffness; that is the 
combined stiffness of the frame, specimen and other load string components such as fixtures. For most 
specimens this is approximately the stiffness of the specimen under test, however, for very stiff specimens 
the compliance of the frame reduces the overall stiffness measured. The stiffness value, in N/mm, is used by 
the system to calculate all control parameters which directly influence the accuracy (with respect to target) 
and stability of test conditions. Tuning is therefore necessary to optimise the system's response to best suit 
the requirements of the test (208–210). 
Given the non-linear stiffness characteristics of the test materials, load-string stiffness varied considerably 
depending on the load range across which it was calculated. Consequently, tests were conducted to 
establish optimum tuning parameters as detailed in the proceeding sub-sections. 
8.3.2. Preliminary Tests 
Figure 8.1 shows force-time profiles at various tuning values, including the machine's default setting, for 
compression of a single EVA-45 specimen compared with the biofidelic target function (defined in Figure 
7.16 left). Data has only been plotted up to 0.1 seconds to maximise clarity regarding differences in the load 
impulse portion of each curve. The figure highlights how the tuning value significantly affects the resulting 
force application and the level to which the target profile is replicated.  
Preliminary tests also revealed a time lag (hold at Fmin) at the start of each cycle before the actuator 
accelerates compressing the specimen. This is evident in Figure 8.1 and was found to occur regardless of 
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material or tuning value. In order to allow fair comparison between actual and target signals, force-time data 
in all subsequent analysis has been modified with cycle time shifted to begin from the point of continuous 
positive load increase.  
 
Figure 8.1 - The effect of tuning value on force-time profile replication for a single EVA-45 specimen 
In addition, it was discovered that the test apparatus control system did not automatically regulate 
waveform amplitude when using a custom force-time function. As can be seen in Figure 8.1, considerable 
fluctuation in Fmax exists between tuning values. In order to achieve the target value, a secondary parameter, 
gain factor (GF), had to be manually adjusted during the initial cycles of each test. 
Taking into account these preliminary findings, a further series of tests was conducted in order to establish 
optimum tuning parameters, facilitating replication of the target force-time profile within acceptable 
tolerances for all materials. The following sub-section outlines the method before results are presented. 
8.3.3. Method 
Three specimens of each material listed in Table 8.1 were prepared and conditioned as previously described. 
Each specimen was subjected to 50 cycles of the biofidelic loading condition (defined in Figure 7.16 left) at 
various different tuning values, ranging from the machine’s default setting to 5000 N/mm. This range 
exceeded the measured stiffness of all materials regardless of the load range across which it was calculated. 
During each 50 cycle test, GF was adjusted to achieve target Fmax by the final cycle and all tuning values were 
tested consecutively with the specimen held at Fmin while the value was modified. The order in which tuning 
values were applied was randomised on a per specimen basis, however, the same three random orders were 
used for each material type. Data was acquired for all cycles using the settings outlined in Section 7.6.6. 
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8.3.4. Results 
For all materials, lower tuning values resulted in an increased loading rate, however, oscillations during 
unloading meant specimens were reloaded (often multiple times) as shown in Figure 8.1. These effects were 
found to be more prominent with softer material variants, where such instability sometimes caused tests to 
fail. Higher tuning values facilitated a smoother and more stable loading profile (with no reloading), but TFmax 
values were increased as a result. 
A value of 400 N/mm was found to provide a compromise, enabling suitable replication for all materials as 
depicted in Figure 8.2, which shows average cycle 50 force-time data for each material at this tuning value 
compared with the target profile. Data is again only shown up to 0.1 seconds to maximise clarity of the load 
impulse portion and average curves have been calculated as per the method described in Section 7.7.2.1. 
With suitable GF adjustment, Fmax, Fmin and TFmax values all fell within tolerances set by the author and 
indicated in the figure. In addition, no reloading following Fmax was present in any case.  
Considering average loading rates (Fmax/TFmax), these fell between 41 - 46 kN/s and correlated with vertical 
GRF data presented in Section 4.2.3. Maximum loading rates (calculated as the greatest difference between 
adjoining load values divided by the time resolution of 1 ms) ranged from 122 - 147 kN/s; up to double the 
equivalent value for the target profile and much higher than average values. However, biomechanical studies 
(114,211) also identify considerable separation between average and maximum loading rates; in fact De Wit 
et al (114) report a maximum rate in the above range for subjects running at a speed of 5.5 m/s. 
Consequently, a tuning value of 400 N/mm was used for all conventional midsole materials in all subsequent 
testing. 
 
Figure 8.2 - Average force-time profiles at cycle 50 for each material using a 400 N/mm tuning value 
  
0
250
500
750
1000
1250
0.000 0.025 0.050 0.075 0.100
F
o
rc
e
 (
N
)
Time (s)
1
1
1
1
Target
EVA-45
EVA-57
EVA-65
PU-57
PU-65
PU-70
T
T
T
T
1250 N ± 5 %
25 ms ± 5 ms
100 N ± 5 %
Chapter 8 | Test Method Implementation and Development 
 
 
 
 
 
95 
8.4. Investigating the Effect of Loading Frequency 
8.4.1. Overview 
Section 7.6.3.2 highlighted the potential advantages of accelerated frequency testing. Whilst accelerated 
regimes have been implemented in some previous studies, no empirical data or discussion is present 
regarding their validity, i.e. the subsequent impact on mechanical property data obtained compared to 
loading at a frequency representative of a realistic running speed. 
As a result, two loading frequency conditions were initially defined; one biofidelic and one accelerated (refer 
to Figure 7.16). In this section, both conditions are applied to EVA-45 and PU-70 materials. The effect of 
increased loading frequency on fatigue properties and therefore the importance of a representative 
separation between consecutive load impulses (as would be present in-service) are investigated to select the 
most suitable approach for this work. 
8.4.2. Method 
Preliminary tests indicated that the desired accelerated loading frequency condition could not be 
implemented on the test apparatus; frequencies greater than 10 Hz became progressively unstable and 
target loading profile parameters could not be achieved within acceptable tolerances. Consequently, the 
accelerated approach was revised to 10 Hz as shown in Figure 8.3. This allowed the target ranges considering 
Fmin, Fmax and TFmax (defined in Figure 8.2) to be achieved for both test materials and loading frequency 
conditions, thus ensuring validity in comparison. 
 
Figure 8.3 - Final loading frequency conditions 
Tests were conducted with EVA-45 and PU-70 materials only; the extremes of the range considering Shore C 
hardness. Three specimens of each material were prepared and conditioned for each loading frequency 
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condition as previously described. Each specimen was subjected to 10,000 cycles of the relevant loading 
profile. The chosen number of cycles was not based upon any known running shoe performance factors, but 
deemed significant enough to identify differences in fatigue characteristics. 
GF was manually adjusted during the initial cycles of each test to achieve target Fmax and then monitored and 
amended if necessary up to cycle 2000. This same procedure was implemented in all subsequent testing 
regardless of material type and the 2000 cycle adjustment phase is referred to as the initial tuning period. 
Tests were conducted in a random order and data was acquired as specified in Section 7.6.6. This section 
also outlined procedures for specimen thickness and cross-section measurement which were performed 
immediately prior to each test. In addition, temperature and RH were recorded during all tests as described 
in Section 7.6.4. 
8.4.3. Results 
Dmax, S1 and S2 values at initial and final cycles (calculated as per Section 7.7.2), as well as change in each 
parameter over the test period have been used to assess differences between the two loading frequency 
conditions. Cycle 50 has been classed as the initial cycle for the purpose of all data presented (in this and all 
subsequent sections), given the requirement to perform manual GF adjustment in order to achieve target 
Fmax during the initial cycles of each test.  
Specimen geometry and test condition data is summarised in Table 8.2. The average and standard deviation 
considering all specimens/tests is listed for each parameter. 
Parameter xˉ ± σ 
Thickness (mm) 11.86 ± 0.75 
Cross-section (mm) 38.99 ± 0.16 
Temperature (°C) 24.5 ± 0.3 
RH (%) 26.3 ± 2.8 
Table 8.2 - Specimen geometry and test condition data 
Figure 8.4 shows average Dmax values at initial and final cycles for both materials and loading frequency 
conditions. Each column represents the average of three specimens and error bars represent range. Figure 
8.5 and Figure 8.6 show S1 and S2 data presented in the same way. As can be seen, differences in all 
parameters between loading frequency conditions are apparent for both materials. 
All EVA-45 specimens exhibit an overall reduction in Dmax and increase in both stiffness parameters over the 
test period regardless of loading frequency. However, specimens subject to condition 2 show reduced Dmax 
values at cycles 50 and cycle 10,000 compared to condition 1. The same trends are apparent considering S1 
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and S2, with increased values present at both initial and final cycles for the accelerated condition, therefore 
indicating a more substantial deterioration in the material’s compressive response. 
  
Figure 8.4 - Average Dmax values for EVA-45 (left) and PU-70 (right) at cycles 50 and 10,000 for both loading frequency conditions 
  
Figure 8.5 - Average S1 values for EVA-45 (left) and PU-70 (right) at cycles 50 and 10,000 for both loading frequency conditions 
  
Figure 8.6 - Average S2 values for EVA-45 (left) and PU-70 (right) at cycles 50 and 10,000 for both loading frequency conditions 
PU-70 specimens behave similarly in terms of Dmax and S2. However, differences between the two loading  
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frequency conditions are more pronounced, indicating that the length of the hold period between 
consecutive load impulses is of greater significance for this material. For example, at cycle 10,000, Dmax is 
45.6 % lower and S2 69.8 % higher for the 10 Hz condition, compared to equivalent values of 16.0 % and 10.1 
% for EVA-45. In addition, for PU-70 specimens, percentage changes in these parameters between cycle 50 
and 10,000 are notably higher for condition 2 despite their already advanced state of deterioration by cycle 
50. 
PU-70 specimens exhibit slightly different characteristics in terms of S1; an overall decrease over the test 
period occurs at 1.6 Hz whereas an increase is observed at 10 Hz. Regardless of these differences, a final 
cycle value which is 76.3 % higher for the latter indicates an increased level of fatigue by this stage, as is the 
case considering all parameters for both materials tested. 
These results show that increased loading frequency leads to greater deterioration in key compressive 
properties over the same number of cycles. This suggests that the use of a representative separation (in the 
order of 0.6 seconds) between consecutive load impulses allows tangible material recovery and is therefore 
crucial in obtaining mechanical property data representative of in-service use. 
Consequently, a biofidelic loading frequency of 1.6 Hz was selected for the final test specification. 
8.5. Investigating Time Dependent Recovery  
8.5.1. Overview 
The ability of materials to recover following repeated loading was to be examined by monitoring specimen 
thickness over a 48 hour period after primary test completion, as described in Section 7.6.5. Test standards 
or procedures reported within literature (covered in Section 4.4) did not provide adequate guidelines 
relating to such measurement. For example, ASTM D 395 which is commonly used in the footwear industry 
to assess compression set properties, suggests only a single specimen thickness measurement 30 minutes 
post-test. Mills (143) explains how this is not a suitable performance indicator for materials such as EVA 
foam which recover further with time. 
In order to establish a suitable measurement method and frequency for this work (allowing both the speed 
and magnitude of specimen thickness recovery to be assessed), typical recovery characteristics of 
conventional midsole materials were identified as detailed below.  
8.5.2. Method 
A single EVA-45 and PU-70 specimen were prepared and conditioned as previously described. Each specimen 
was subjected to the 125,000 cycle primary test regime using the biofidelic loading profile selected in Section 
8.4. Immediately following this the specimen was held at a fractional preload (Fminor) of 0.25 N for 48 hours. 
Chapter 8 | Test Method Implementation and Development 
 
 
 
 
 
99 
By continuing to capture force-displacement-time data over this period, recovery of specimen thickness 
could be accurately recorded. Data was acquired as outlined in Section 7.6.6 with an additional reduction 
rule applied for the recovery period such that only displacement changes ≥ 1 µm were recorded. This 
reduced data capture to a suitable number of data points. 
8.5.3. Results 
Figure 8.7  shows the change in  compression set, i.e. the recovery of original specimen thickness over the  
48 hour measurement period. Compression set has been calculated as per Section 7.7.3. Zero hours 
translates to the point Fminor is reached immediately following cycle 125,000 and compression set values at 
this time are noted in the figure to clearly define the starting point of each curve. 
 
Figure 8.7 - 48 hour recovery profiles for EVA-45 and PU-70 specimens  
For both materials, over 30 % of the total recovery takes place within the first minute and over 50 % within 
the first 30 minutes. Recovery is more gradual thereafter for both materials, but especially considering PU-
70 which begins to plateau before the end of the measurement period. 
As a result, the test procedure was modified to hold specimens at Fminor for 30 minutes immediately following 
cycle 125,000 to enable precise measurement of initial recovery. After this, and with the material in a more 
stable state, specimens were removed from the test apparatus and manual thickness measurements taken 
using a digital indicator as described in Section 7.6.6. Measurements were taken at 2, 6, 24 and 48 hours 
following primary test completion. This facilitated accurate recreation of the remaining recovery profile 
whilst avoiding the impractical extension of machine test time associated with the automated procedure 
implemented above. 
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8.6. Final Test Specification and Protocol 
Table 8.3 lists key test parameters, their target values as well as acceptable tolerances which have been used 
in subsequent chapters to assess the precision and repeatability of tests (refer to Sections 9.4.1 and 10.4.1). 
 Parameter Target value Tolerance 
Specimen geometry 
Thickness 13 mm ± 10 % 
Cross-section 39 mm  ± 10 % 
Test conditions Temperature 23 °C ± 2 °C 
Loading profile 
Fmin 100 N ± 5 % 
Fmax 1250 N ± 5 % 
TFmax 25 ms ± 5 ms 
Frequency 1.6 Hz ± 5 % 
Table 8.3 - Test specification 
Table 8.4 outlines a detailed step-by-step test protocol. 
Step Description 
1. Condition specimen Store specimen in test environment for at least 24 hours prior to testing. 
2. Pre-test measurements 
Immediately prior to testing measure and record specimen thickness, cross-section and 
mass according to the procedure and using the apparatus outlined in Section 7.6.6. 
3. Set machine parameters Set operating limits and  tuning value for particular specimen. 
4. Balance Digital Position transducer 
Using a slip gauge to separate upper and lower compression platens by a known 
distance, balance the Digital Position transducer such that specimen thickness relative 
to actuator position can be calculated. 
5. Install specimen 
Install specimen on lower compression platen ensuring central alignment within 
boundaries marked on platen. 
6. Balance load cell With the upper compression platen clear of the specimen balance the load cell. 
7. Apply preload  Apply Fmin to specimen. 
8. Run primary test 
Begin pre-programmed primary test sequence; 125,000 cycles according to the loading 
profile defined in Figure 7.16 (left) immediately proceeded by a 30 minute hold at 
Fminor. During the first 2000 cycles manually adjust GF such that target Fmax is achieved.  
9. Remove and inspect specimen  
Upon test completion, immediately unload and remove specimen. Inspect for signs of 
damage/deterioration and record details. Place specimen on flat surface in test 
environment for recovery period. 
10. Post-test measurements 
Repeat specimen thickness measurements as per step 2 at 2, 6, 24 and 48 hours 
following test completion. 
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11. Run secondary test 
48 hours after primary test completion and immediately following 48 hour thickness 
measurement, repeat steps 4-7 and begin pre-programmed secondary test sequence; 
5000 cycles according to the loading profile defined in Figure 7.16 (left). 
Table 8.4 - Step-by-step test protocol 
8.7. Summary 
Various tests were successfully employed using a range of conventional midsole materials to investigate and 
finalise key aspects of the test specification and protocol. 
Section 8.3 highlighted the critical nature of tuning in achieving stable and accurate replication of the target 
force-time profile. A series of short tests determined that a single tuning value of 400 N/mm facilitated 
replication within acceptable tolerances for all conventional midsole materials, providing suitable GF 
adjustment at the beginning of each test as previously described. Whilst understanding of tuning for 
dynamic testing of non-linear stiffness materials has been increased for the particular test apparatus, a 
definitive method for establishing optimum parameters for a given material would require further work. 
The results presented in Section 8.4 indicated that increased loading frequency leads to greater 
deterioration in key compressive properties over the same number of cycles. In addition, these effects 
appear to be more pronounced for certain materials as PU-70 demonstrated more substantial differences 
between loading frequency conditions compared to EVA-45. Consequently, a biofidelic loading frequency of 
1.6 Hz was selected to ensure fatigue data representative of in-service use. 
Finally, Section 8.5 established a suitable method for measurement of specimen thickness recovery post-test. 
Using all of these findings the test specification and protocol were finalised. 
In the following chapter the test method is applied to the range of conventional midsole materials listed in 
Table 8.1 in order to benchmark their compressive, fatigue and time dependent recovery properties. 
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Chapter 9 
9. Conventional Midsole Materials; Assessment of Compressive, Fatigue and Time Dependent Recovery Properties 
Conventional Midsole Materials; 
Assessment of Compressive, Fatigue and 
Time Dependent Recovery Properties 
9.1. Overview 
Chapters 7 and 8 covered the design and implementation of a new dynamic test method using a test 
apparatus that had not previously been reported upon in literature. In this chapter the method has been 
used to establish the compressive, fatigue and time dependent recovery properties of a range of 
conventional midsole materials, thus providing benchmark values prior to testing the TPE material. The first 
part of the chapter provides further details on the test materials. Test results considering each of the 
aforementioned areas are then presented as well as details of the test precision and repeatability. The final 
part of the chapter summarises key findings. 
9.2. Material Selection 
Table 8.1 listed basic specification data for the three EVA and three PU test materials of varying Shore C 
hardness supplied in sample plaque format. The softest and hardest variants of each material type used by 
New Balance were represented in this selection, allowing the complete mechanical property range in this 
respect to be characterised. 
Figure 9.1 schematically illustrates the locations within the midsole where each material is most commonly 
employed. Typically, the majority of the midsole comprises a single-piece EVA/PU of medium hardness (refer 
also to Figure 6.2) with the extremes of hardness being used in specific regions to provide additional function 
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or comfort. For example, softer EVA’s are frequently utilised in the forefoot metatarsal region to aid 
pressure distribution under the metatarsal heads and harder EVA’s/PU’s applied in the medial heel portion 
to help prevent excessive pronation during ground contact as described in Chapter 4 (170). 
  
1 Lateral heel EVA-45 
2 Medial heel EVA-65, PU-65, PU-70 
3 Forefoot metatarsal EVA-45 
4 Main midsole (white area) EVA-57,  PU-57 
5 Heel perimeter 
Encap technology 
PU-65, PU-70 
6 Heel centre EVA-45, EVA-57 
Figure 9.1 - Areas of midsole where New Balance materials employed [information from (170)] 
9.3. Experimental Method 
Three specimens of each material of nominal dimensions 39 x 39 x 13 mm were prepared and conditioned as 
described in Sections 7.6.2.2 and 7.6.2.3 respectively. All specimens were tested in a random order according 
to the specification and protocol defined in Section 8.6, with data acquired as detailed in Section 7.6.6. 
9.4. Results|.. 
The test data has been broken down into three key sections: test precision and repeatability which assesses 
the efficacy of the new test method with respect to the target test specification set out in Table 8.3 and 
ensures the validity of comparison between different materials; compressive and fatigue properties which 
identifies the initial operating range and variation during the primary test period of each parameter defined 
in Section 7.7.2; and time dependent recovery properties which examines the speed and magnitude of 
material recovery post-test in terms of physical dimensions and mechanical properties. 
In all graphs each data point/column represents the average of three specimens and error bars represent 
range unless otherwise stated. Any operating ranges quoted consider individual specimen rather than 
average material values. Cycle 50 has been classed as the initial cycle for the purpose of all data presented in 
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this chapter given the requirement to manually adjust GF in order to achieve target Fmax during the initial 
cycles of each test as described in Chapter 8. 
9.4.1. Test Precision and Repeatability 
9.4.1.1. Specimen Dimensions, Mass and Density 
Table 9.1 lists specimen thickness, cross-section and mass measurements taken immediately prior to each 
test (according to the procedures described in Section 7.6.6). In addition, density values have been 
calculated using the measured variables. The average (xˉ ) and standard deviation (σ) for each material, and 
the absolute range considering all materials, are recorded for each parameter. 
Material 
Thickness 
(mm) 
Cross-section length  
(mm) 
Mass  
(g) 
Density 
(g/cm
3
) 
 xˉ ± σ 
EVA-45 13.61 ± 0.24 39.15 ± 0.18 4.06 ± 0.06 0.19 ± 0.004 
EVA-57 12.37 ± 0.06 39.20 ± 0.13 4.48 ± 0.06 0.24 ± 0.003 
EVA-65 12.01 ± 0.08 39.14 ± 0.21 5.58 ± 0.04 0.30 ± 0.002 
PU-57 13.62 ± 0.03 38.96 ± 0.15 6.44 ± 0.05 0.31 ± 0.002 
PU-65 13.31 ± 0.00 39.04 ± 0.12 6.13 ± 0.11 0.30 ± 0.006 
PU-70 12.81 ± 0.19 39.04 ± 0.20 6.91 ± 0.04 0.35 ± 0.004 
 Range 
All 11.91 – 13.86 38.75 – 39.48 4.01 – 6.94 0.19 – 0.36 
Table 9.1 - Dimensional, mass and density data for all materials 
In terms of specimen thickness, intra-material variability was low. Inter-material variability was more 
significant with specimens ranging between 11.91 - 13.86 mm, however, the overall average (12.96 ± 0.64 
mm) remained in line with specification. As all materials were supplied directly from New Balance’s 
manufacturing facility in China this discrepancy could not be addressed in this work. 
Cross-sectional measurements deviated only fractionally from the target value, although the cutting 
procedure resulted in a curved profile to each specimen as shown in Figure 9.2. Considering this, coupled 
with the fact that thickness values represent only specimen centres, calculated density values are 
approximate. Density is discussed in Chapter 11 in relation to equivalent TPE measurements. 
 
Figure 9.2 - EVA-45 specimen prior to testing 
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9.4.1.2. Temperature and RH 
Figure 9.3 summarises all primary test temperature and RH data (recorded as described in Section 7.6.3.3). It 
shows the average and range for the three tests conducted with each material for both variables. 
  
Figure 9.3 - Average temperature and RH during the primary test for each material 
Considering all tests, temperature varied between 21.0 - 26.0 °C and RH between 12.0 - 36.5 %. The upper 
limit of the target temperature range (25 °C) was exceeded during testing of EVA-45 and EVA-65 specimens 
by 0.5 and 1 °C respectively, however, this was not considered significant. As noted in Section 7.6.4, no 
target RH specification exists within relevant test standards for comparison. 
9.4.1.3. Loading Profile Parameters 
Figure 9.4 shows average Fmin, Fmax and TFmax for all EVA materials plotted at 2500 cycle intervals over the 
primary test period. Each data point represents the average of 9 specimens (3 x EVA-45, 3 x EVA-57 and 3 x 
EVA-65) and error bars represent range. 
Fmin is consistent throughout the test period and deviates only fractionally from the 100 N target value. Fmax 
on the other hand begins to drift from its target value following the initial tuning period; an initial increase is 
followed by a more gradual reduction during the latter half of the test. Despite this, Fmax remains within the 
target range over the complete test for all specimens which is also true considering TFmax.  
PU materials also exhibited change in Fmax, with all variants showing an overall reduction to a value below 
the 1250 N target by cycle 125,000. Whilst PU-57 and PU-70 materials remained within the target range, all 
PU-65 specimens fell below the lower Fmax boundary (1187.5 N) by cycle 70,000. As a result, this material has 
been omitted from further analysis. Figure 9.5 shows average Fmin, Fmax and TFmax for PU-57 and PU-70 
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materials plotted as per Figure 9.4. The requirements for all three parameters, indicated on the graph, are 
maintained throughout the test period. 
 
Figure 9.4 - Average Fmin, Fmax and TFmax during the primary test for all EVA materials 
 
Figure 9.5 - Average Fmin, Fmax and TFmax during the primary test for PU-57 and PU-70 materials 
9.4.2. Compressive and Fatigue Properties 
9.4.2.1. Force-Displacement Profiles 
Figure 9.6 shows average force-displacement profiles at cycles 50 and 125,000 for the softest and hardest 
variants of EVA, calculated using the curve averaging method detailed in Section 7.7.2.1. Figure 9.7 shows 
data for both PU materials presented in the same way. 
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Figure 9.6 - Average force-displacement profiles at cycle 50 and 125,000 of the primary test for EVA-45 (left) and EVA-65 (right) 
 
  
Figure 9.7 - Average force-displacement profiles at cycle 50 and 125,000 of the primary test for PU-57 (left) and PU-70 (right) 
At cycle 50 all materials exhibit a force-displacement response during loading which is to some extent 
characteristic of the typical polymer foam model discussed in Section 4.3.3.2, however, the linear, plateau 
and densification stages are not clearly defined in all cases. Softer EVA variants have no discernable separate 
linear region, but exhibit a long plateau at constant gradient followed by a prominent densification stage. 
EVA-65 and PU materials display higher initial stiffness with an apparent linear-plateau transition at low 
displacement, however, a less marked change in this parameter occurs as load increases. In addition, 
differences in energy characteristics between the two material types are revealed by hysteresis loops which 
vary in shape/size. 
A change in mechanical response over the primary test period is evident for all materials. In all cases a  
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leftward shift of the force-displacement profile occurs, indicating a decrease in displacement and increase in 
stiffness. Furthermore, variation in hysteresis energy is apparent to varying degrees. 
From this force-displacement data, Dmax, S1, S2 and HER values have been calculated. Initial operating ranges 
and changes over the primary test period considering each of these parameters are examined in the 
following sub-sections for all materials. 
9.4.2.2. Peak Displacement 
Figure 9.8 (left) shows average Dmax for each EVA material plotted at 2500 cycle intervals over the primary 
test period. Figure 9.8 (right) shows data for each PU material presented in the same way. 
  
  
Figure 9.8 - Average Dmax vs. cycle number during the primary test for each EVA material (left) and PU material (right) 
Initially, Dmax is largest for the softest EVA variant and decreases for EVA-57 and again for EVA-65. However, 
the initial operating range for these materials is relatively narrow; 4.70 - 5.77 mm. PU materials demonstrate 
a similar but slightly wider operating range at cycle 50 of 4.10 - 5.87 mm. 
All materials show an overall reduction in Dmax over the test period. All EVA specimens exhibit the most 
significant decrease during the first 2500 cycles, after which a more gradual change occurs over the 
remainder of the test. This prominent initial drop is not present with PU-57 and unlike all other materials, 
PU-70 demonstrates an initial increase in Dmax before a progressive reduction up to cycle 125,000. 
Table 9.2 lists average Dmax values at cycles 50 and 125,000 and the average percentage change between 
them for each material. In addition, the absolute range considering all specimens is listed in each case. EVA-
45 shows the largest overall decrease of 40.3 % whilst PU materials exhibit better fatigue performance, with 
average changes of 26.0 and 17.0 % for PU-57 and PU-70 respectively.  
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Material 
Dmax at c50 
(mm) 
Dmax at c125k 
(mm) 
Change in Dmax, c50 - c125k 
(%) 
 xˉ ± σ 
EVA-45 5.68 ± 0.08 3.39 ± 0.15 -40.3 ± 2.0 
EVA-57 5.60 ± 0.07 3.65 ± 0.08 -34.9 ± 1.7 
EVA-65 4.78 ± 0.08 3.45 ± 0.02 -27.8 ± 1.4 
PU-57 5.66 ± 0.19 4.18 ± 0.23 -26.0 ± 6.2 
PU-70 4.20 ± 0.10 3.49 ± 0.12 -17.0 ± 1.8 
 Range 
All 4.10 – 5.87 3.25 – 4.45 -42.5 – -15.0 
Table 9.2 - Key Dmax values for all materials 
9.4.2.3. Average Stiffness 
Figure 9.9 (left) shows average S1 and S2 (calculated as per Section 7.7.2) for each EVA material plotted at 
2500 cycle intervals over the primary test period. Figure 9.9 (right) shows data for each PU material 
presented in the same way. Table 9.3 specifies average S1 and S2 values at cycles 50 and 125,000 as well as 
the average percentage change in both parameters over this period for each material. Again, the absolute 
range considering all specimens is listed in each case. 
  
    
Figure 9.9 - Average S1 and S2 vs. cycle number during the primary test for each EVA material (left) and PU material (right) 
For both material types, cycle 50 S1 increases in line with material hardness and initial operating ranges are 
117 - 180 and 139 - 251 N/mm for EVA and PU materials respectively. All materials show an overall increase 
in lower range stiffness over the test period, however, the level of change varies considerably. EVA variants 
display a continual increase in S1 from the outset, with EVA-45 exhibiting the greatest change at 67.9 %. Both 
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PU materials demonstrate an initial reduction in S1 and fatigue behaviour is superior considering the overall 
change between cycles 50 and 125,000; PU-70 is seen to rise by only 1.8 %. 
At cycle 50, S2 is higher for EVA than PU materials and the separation between lower and upper range 
stiffness is more considerable for the former. This trend was noted in Section 9.4.2.1 where force-
displacement profiles highlighted a more severe densification stage especially with softer EVA variants. S2 for 
PU materials increases with their hardness value. Conversely, for EVA materials the reverse is true; the 
softest grade displays the greatest upper range stiffness and this remains the case for the complete test. 
All materials show an increase in S2 over 125,000 cycles. EVA’s exhibit a 60 - 70 % rise with a considerable 
portion of this occurring in the first 2500 cycles. Overall change for PU’s is comparable. Whilst a step-change 
also occurs initially, unlike EVA variants, S2 begins to plateau approaching the test mid-point and fluctuates 
minimally thereafter for both PU-57 and PU-70. 
Material 
S1 at c50 
(N/mm) 
S1 at c125k 
(N/mm) 
Change in S1, 
c50 - c125k (%) 
S2 at c50 
(N/mm) 
S2 at c125k 
(N/mm) 
Change in S2, 
c50 - c125k (%) 
 xˉ ± σ 
EVA-45 118 ± 2  199 ± 8 67.9 ± 5.6 474 ± 12 783 ± 29 65.2 ± 2.4 
EVA-57 126 ± 2 190 ± 2 51.5 ± 4.4 419 ± 8 683 ± 15 63.0 ± 3.0 
EVA-65 172 ± 4 221 ± 1 28.2 ± 4.9 346 ± 5 570 ± 5 64.6 ± 1.8 
PU-57 157 ± 8 185 ± 4 19.3 ± 17.1 274 ± 13 454 ± 17 65.8 ± 4.7 
PU-70 227 ± 12 230 ± 5 1.8 ± 7.4 321 ± 4 493 ± 7 53.4 ± 1.0 
 Range 
All 117 – 251 175 – 242 -3.8 – 74.2 246 – 487 421 – 813 52.6 – 71.0 
Table 9.3 - Key S1 and S2 values for all materials 
9.4.2.4. Hysteresis Energy Ratio 
Section 7.7.2.4 defined hysteresis energy ratio (HER) as per ASTM F 1614, as the ratio of Eh to Ea. In addition, 
its calculation from force-displacement data using the trapezium rule was detailed. The HER varies between 
0 and 1 depending on the energy characteristics of the material; 0 indicates a perfectly elastic response and 
1 denotes no energy returned to the driven assembly (202). Figure 9.10 shows average HER for each EVA and 
PU material plotted at 2500 cycle intervals over the primary test period. 
Differences in HER are small between the variants of EVA and PU, however, initial operating ranges are 
disparate for the two material types. Lower values for EVA's (0.24 - 0.36) indicate a more elastic response 
compared to PU's (0.58 - 0.69) which permanently absorb a larger portion of Ea. This characteristic is also 
evident from the force-displacement curves presented in Section 9.4.2.1 which show how PU-57 and PU-70 
exhibit much wider hysteresis loops compared to EVA materials. 
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Figure 9.10 - Average HER vs. cycle number during the primary test for each material 
Fatigue behaviour considering HER is similar in all cases; an initial reduction is proceeded by a relatively 
steady state for the remainder of the test. Overall changes are quantified in Table 9.4 which is presented in 
the same format used in previous sub-sections. All materials demonstrate a decrease in HER over 125,000 
cycles, signifying a reduction in the proportion of energy permanently absorbed within the material during 
each compression. The magnitude of this change varies between 12.5 - 34.3 %. 
Material 
HER at c50 
(no unit) 
HER at c125k 
(no unit) 
Change in HER, c50 - c125k 
(%) 
 xˉ ± σ 
EVA-45 0.25 ± 0.02 0.21 ± 0.01 -17.6 ± 1.3 
EVA-57 0.29 ± 0.02 0.20 ± 0.02 -32.4 ± 1.8 
EVA-65 0.34 ± 0.02 0.24 ± 0.01 -30.9 ± 2.1 
PU-57 0.60 ± 0.02 0.50 ± 0.03 -16.7 ± 4.1 
PU-70 0.68 ± 0.02 0.53 ± 0.01 -21.4 ± 0.1 
 Range 
 
All 0.24 – 0.69 0.18 – 0.54  -34.3 – -12.5 
Table 9.4 - Key HER values for all materials 
9.4.2.5. Compression Set 
Figure 9.11 shows average compression set at the end of the primary test period for each EVA and PU 
material. Values have been calculated from the point Fminor was reached immediately following cycle 125,000 
and hence represent the instantaneous level of residual deformation resulting from the loading regime at 
this time. Compression set decreases with increasing material hardness for both material types. EVA-45 
shows the greatest levels of fatigue considering this parameter and PU-70 the least with values of 26.7 % and 
8.1 % respectively. Post-test recovery of specimen thickness is covered in Section 9.4.3.1. 
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Figure 9.11 - Average compression set immediately following primary test completion for each material 
9.4.2.6. Visual Inspection 
All specimens were examined post-primary test for any additional signs of degradation resulting from the 
loading regime. Figure 9.12 shows single specimens of EVA-45 and PU-70 pre-test and post-test immediately 
following removal from the test apparatus. Aside from the evident change in thickness, no specimens 
displayed any signs of catastrophic failure (e.g. cracking).  
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Figure 9.12 - Specimens of EVA-45 and PU-70 pre- and post-primary test 
9.4.3. Time Dependent Recovery Properties 
9.4.3.1. Recovery of Specimen Thickness 
Figure 9.13 shows the change in compression set (i.e. the recovery of original specimen thickness) for each 
EVA and PU material over the 48 hour recovery period. Zero hours translates to the point Fminor is reached 
immediately following cycle 125,000. The first 30 minutes of data is derived from the displacement trace of 
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the test apparatus, whereas data points at 2, 6, 24 and 48 hours relate to manual digital indicator 
measurements, given the procedure described in Section 8.5. 
 
Figure 9.13 - 48 hour recovery profiles for each material 
Table 9.5 lists average compression set values at the start and end of the 48 hour period as well as the total 
percentage recovery of original specimen thickness which occurs for each material. 
Material 
Compression set at 0 hours 
(%) 
Compression set at 48 hours  
(%) 
Total recovery of original 
specimen thickness (%) 
 xˉ ± σ 
EVA-45 26.7 ± 1.4 13.0 ± 1.6 13.7 ± 0.2 
EVA-57 20.2 ± 0.4  13.0 ± 1.3 7.2 ± 0.9 
EVA-65 15.4 ± 0.0 12.1 ± 0.5 3.4 ± 0.5 
PU-57 12.5 ± 2.1 5.2 ± 0.3 7.3 ± 2.2 
PU-70 8.1 ± 0.8 3.4 ± 0.1 4.7 ± 0.7 
 Range 
All 7.3 – 28.3 3.3 – 14.8 2.8 – 13.9 
Table 9.5 - Key compression set values for all materials  
EVA materials show a notable reduction in compression set immediately upon transference to Fminor, 
followed by more gradual recovery thereafter. For all variants, change in compression set between 24 and 
48 hours is less than 1.4 %, indicating that additional recovery time would yield minimal further 
improvement. Despite differences in initial levels of compression set between EVA materials, all recover to 
within 12 - 13 % of their original thickness by the end of the measurement period. EVA-45 demonstrates the 
greatest level of overall recovery, regaining 13.7 % of its original thickness. 
PU materials suffer less from compression set initially as already noted in Section 9.4.2.5; average values of 
12.5 % and 8.1 % at zero hours were recorded for PU-57 and PU-70 respectively. The majority of recovery 
0
5
10
15
20
25
30
0 6 12 18 24 30 36 42 48
C
o
m
p
re
ss
io
n
 s
e
t 
(%
)
Time after test completion (hours)
EVA-45 ln
EVA-45 pts
EVA-57 ln
EVA-57 pts
EVA-65 ln
EVA-45
EVA-57
EVA-65
PU-57
PU-70
EVA-65 pts
PU-57 ln
PU-57 pts
PU-70 ln
PU-70 pts
Chapter 9 | Conventional Midsole Materials; Assessment of Compressive, Fatigue and Time Dependent Recovery Properties 
 
 
 
 
 
114 
occurs instantaneously, with further recovery over the 48 hour period being minimal. PU-70 exhibits the 
lowest overall level of residual deformation, recovering to within 3.4 % of its original thickness by 48 hours. 
This equates to an average thickness change of 0.43 mm resulting from the 125,000 cycle loading regime. 
EVA-65, PU-57 and PU-70 materials all show a slight increase in compression set between 0.5 and 2 hours. 
This is almost certainly due to discrepancy between measurement techniques, i.e. the main test apparatus 
and digital indicator.  
9.4.3.2. Recovery of Mechanical Properties 
The previous sub-section considered recovery of physical dimensions only. In order to examine recovery of 
mechanical properties, each specimen was subjected to a further 5000 cycles immediately following the 48 
hour recovery period as detailed in Section 7.6.5. Data from both primary and secondary tests is evaluated 
below.  
Figure 9.14 shows average Dmax at cycles 50 and 125,000 during the primary test and cycles 50 and 5000 
during the secondary test for the softest and hardest variants of each material type. 
 
Figure 9.14 - Average Dmax at various cycles during primary and secondary tests for selected materials 
Dmax is seen to increase following the recovery period (up to 31.6 % in the case of EVA-45) and after 5000 
additional compressions, remains at a level above that recorded at the end of the primary test period for all 
materials. In addition, percentage reduction in Dmax is typically lower between cycle 50 and 5000 of the 
secondary test period compared to equivalent cycles during the primary. Although data is not shown, similar 
trends were also observed considering other mechanical properties. 
These characteristics indicate restoration in-part of original mechanical properties as a result of the recovery 
period, and not just superficial recovery of specimen thickness (with mechanical properties returning to their 
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pre-recovery values within a few additional cycles). Furthermore, this data suggests that in subsequent 
loadings, whilst mechanical performance is likely to be at a deteriorated level (due to some residual 
deformation of the material), fatigue rates over an equivalent number of cycles may be less significant. 
9.5. Summary 
The new dynamic test method developed in Chapters 7 and 8 was successfully employed to benchmark key 
compressive, fatigue and time dependent recovery behaviours of a selection of conventional midsole foam 
materials. The method was shown to provide valuable insight into the performance of the different materials 
tested which can be considered representative of the range used in production midsoles.  
The accuracy and repeatability of the test method was assessed with respect to the target specification listed 
in Table 8.3. Specimen geometry, test conditions and loading profile parameters were all shown to fall within 
acceptable tolerances with the exception of PU-65 Fmax values. For all three specimens of this material tested, 
Fmax decreased with cycle number, reaching a level below the lower target boundary before primary test 
completion. Consequently, PU-65 was omitted from the study. Whilst remaining within target bounds for 
other materials, variation in Fmax with cycle number was observed in all tests with inconsistent trends. This 
issue, inherent to the particular test apparatus, is discussed in Chapter 11. 
Force-displacement data from each 125,000 cycle test was analysed to provide initial operating ranges as 
well as fatigue data considering a number of key mechanical properties; Dmax, S1, S2 and HER. Compression 
set values immediately following primary test completion were used to further examine fatigue 
performance. Initial operating ranges were most disparate between EVA and PU materials in terms of HER, 
where PU variants exhibited much higher values. These materials also typically displayed more stable 
performance in view of all parameters monitored over the test period and suffered less from compression 
set at test end. 
In addition, specimen thickness measurements taken over a 48 hour recovery period and data from a 
secondary test of 5000 cycles which immediately proceeded this, identified that all test materials recovered 
original physical dimensions as well as mechanical characteristics to some degree when left unloaded. 
Considering all areas of mechanical performance examined, each material demonstrated good levels of 
repeatability between the three specimens tested, as is clear from the graphs and tabulated data presented 
above. Given that each specimen was taken from a separate sample plaque, this indicates consistency 
between separate mouldings. Maximum variation was typically seen between PU-57 specimens, however, 
no anomalies (e.g. single specimens opposing the trends of the others) were observed. 
All results are used in the following chapter, providing benchmark values against which to compare data 
from TPE specimens manufactured at a range of laser powers and tested using the same method. 
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Chapter 10 
10. Laser Sintered TPE 210-S; Assessment of Compressive, Fatigue and Time Dependent Recovery Properties and the 
Effect of Laser Power 
Laser Sintered TPE 210-S;           
Assessment of Compressive, Fatigue and 
Time Dependent Recovery Properties and 
the Effect of Laser Power 
10.1. Overview 
In Chapter 6, a replica of a conventional sole unit comprising a single-piece TPE midsole assembled with a 
conventional outsole, demonstrated comparable compressive responses to the original design when 
subjected to loading representative of heel-strike in terms of magnitude but not rate or frequency. In this 
chapter, standardised specimens of TPE sintered at a range of LP's are tested using the dynamic method 
developed in Chapters 7 and 8 and implemented for conventional midsole materials in Chapter 9. 
The first part of the chapter covers the details of specimen manufacture. Test results are then presented in 
terms of compressive, fatigue and time dependent recovery properties and compared directly with 
benchmark data from the previous chapter. The ability of the LSE to match EVA/PU performance considering 
each of the aforementioned areas is assessed as well as the effect of LP on key mechanical properties. The 
final part of the chapter summarises key findings. 
10.2. Material Selection 
The reasons for selection of TPE 210-S for this research were outlined in Section 6.2. The full manufacturer's 
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data sheet for the material can be found in Appendix A. 
10.3. Experimental Method 
10.3.1. Specimen Manufacture 
As with the TPE midsoles tested in Chapter 6, specimen manufacture was outsourced to ALM (the material 
manufacturer) due to their expertise in processing the LSE.  
Chapter 3 highlighted that the energy density (ED) supplied to the powder particles during the LS process 
affects the mechanical properties of the resulting polymer by influencing the degree of particle-to-particle 
bonding. Therefore, the aim here was to produce specimens at a range of ED's in order to examine its effect 
on key compressive properties. Section 3.6.1.2 explained that ED is a function of three laser parameters; 
laser power (LP), fill scan spacing (SS) and beam speed (BS). In this case, only LP was modified in order to 
vary the supplied ED and the two remaining parameters remained fixed at values recommended by ALM. 
As mentioned in Section 6.3.2, the typical processing window for TPE in terms of LP is 8 - 18 W. At LP’s below 
8 W particle bonding issues and therefore weak parts are common. Beyond the upper limit of this range, 
degradation of the polymer can occur as well as fusion of particles outside the scanned cross-section which 
results in poor surface finish and inaccurate geometry (197). Consequently, LP’s were selected within this 
standard processing window. 
 
Figure 10.1 - Build layout for manufacture of TPE specimens 
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Specimens were built at five different LP's (8, 10, 12, 14 and 16 W) on a 3D Systems SLS 2500 Plus machine in 
the layout shown in Figure 10.1. Specimen dimensions were set at 39 x 39 x 13 mm as selected in Chapter 7. 
LP was varied on a per layer basis in a random order. 12 specimens were built in a linear array on each layer, 
allowing ample additional specimens for preliminary tests. The array was centrally positioned within the 
build chamber in x and y, with the first layer built at 2.54 mm (0.1") in z. Specimen spacing (as shown in 
Figure 10.1) was set at values recommended by the manufacturer to prevent the energy applied when 
sintering each specimen adversely affecting neighbouring specimens. 
An identifying label formed part of each specimen geometry as shown in Figure 10.2. Numbers indicating 
layer number (and therefore LP) as well as part bed position were inset into the specimen top surface to a 
depth of 0.5 mm in the same location on each specimen. 
 
Figure 10.2 - TPE specimen labelling 
Key build parameters are detailed in Table 10.1. 
Parameter type Parameter Value 
Laser 
Fill laser power 8/10/12/14/16 W 
Fill scan spacing 1.02 mm 
Fill scan count 1 
Outline laser power -  
Outline scan count 0 
 Beam speed 508 mm/s 
Temperature 
Part heater set point 76.5 °C 
Feed heater set point (left and right) 30 °C 
Build 
Powder layer thickness 0.152 mm  
Warm up height 2.54 mm 
Cool down height 1.27 mm 
Table 10.1 - Key build parameters for manufacture of TPE specimens 
Part bed position (xy) 
 
Layer number (z) 
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Given these parameters, ED values calculated using Equation 1 (refer to Section 3.6.1.2) are specified in 
Table 10.2. 
LP (W) ED (J/mm
2
) 
8 0.155 
10 0.194 
12 0.233 
14 0.271 
16 0.310 
Table 10.2 - ED values for TPE specimens 
The simplistic specimen geometry allowed outline scanning to be turned off, therefore increasing the 
likelihood of uniform mechanical properties throughout each specimen; scanning each specimen perimeter 
following the fill scan would enhance particle consolidation in this region subsequently affecting mechanical 
characteristics. 
10.3.2. Preliminary Testing 
Section 8.3 examined force-time profile replication and established that a single tuning value of 400 N/mm 
facilitated replication of the target function within suitable bounds for all EVA/PU materials, providing 
suitable GF adjustment. In order to ensure that this setting would provide replication within the same 
tolerances for TPE specimens, despite potentially significant differences in specimen stiffness, some 
preliminary tests were conducted. 
With reference to Figure 10.1, specimens of each LP from positions 1, 7 and 10 were tested at a tuning value 
of 400 N/mm as per the method outlined in Section 8.3.3. 
 
Figure 10.3 - Average force-time profiles at cycle 50 for each LP using a 400 N/mm tuning value 
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Figure 10.3 shows average cycle 50 force-time data for each LP compared with the target profile. Data is only 
shown up to 0.1 seconds to maximise clarity of the load impulse portion and average curves have been 
calculated as per the method described in Section 7.7.2.1. Fmin, Fmax and TFmax criteria were all suitably 
achieved as indicated in the figure. Consequently, the same tuning parameter was used for all TPE 
specimens. 
10.3.3. Test Method 
Three specimens of each LP were selected for testing. With reference to Figure 10.1, a corner, central and 
edge specimen from positions 4, 6 and 11 were taken from each layer and conditioned as described in 
Section 7.6.2.3. All specimens were tested in a random order according to the specification and protocol 
defined in Section 8.6, with data acquired as detailed in Section 7.6.6. 
10.4. Results|.. 
As in Chapter 9, the test data has been broken down into three key sections; test precision and repeatability, 
compressive and fatigue properties and time dependent recovery properties. Many of the results are 
presented with conventional midsole material data in order to ascertain the level to which mechanical 
property envelopes overlap and compare performance traits. 
In all graphs each data point/column represents the average of three specimens and error bars represent 
range unless otherwise stated. Any operating ranges quoted consider individual specimen rather than 
average material values. Cycle 50 has again been classed as the initial cycle for the purpose of all data 
presented in this chapter given the reasons previously described. Specimens are referred to as TPE with a 
prefix of their LP in subsequent text, figures and tables. 
10.4.1. Test Precision and Repeatability 
10.4.1.1. Specimen Dimensions, Mass and Density 
Table 10.3 lists specimen thickness, cross-section and mass measurements taken immediately prior to each 
test (according to the procedures described in Section 7.6.6). In addition, density values have been 
calculated using the measured variables. The average (xˉ ) and standard deviation (σ) for each LP, and the 
absolute range considering all LP's, are recorded for each parameter. The absolute range for all EVA/PU 
materials has also been specified for comparison. 
Average specimen thickness was above the target value for all LP's, however, inter-specimen variation was 
minimal. With an overall range of 13.64 - 13.91 mm all specimens fell within the tolerance specified in Table 
8.3. Scaling factors could be adjusted to improve the accuracy of specimen dimensions. 
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Material 
Thickness 
(mm) 
Cross-section length 
(mm) 
Mass 
(g) 
Density 
(g/cm
3
) 
 xˉ ± σ 
TPE-8W 13.71 ± 0.04 38.41 ± 0.17 10.16 ± 0.09 0.50 ± 0.004 
TPE-10W 13.66 ± 0.04 38.32 ± 0.18 10.35 ± 0.08 0.52 ± 0.004 
TPE-12W 13.85 ± 0.02 38.41 ± 0.19 11.09 ± 0.12 0.54 ± 0.006 
TPE-14W 13.75 ± 0.01 38.39 ± 0.20 11.48 ± 0.13 0.57 ± 0.007 
TPE-16W 13.89 ± 0.02 38.37 ± 0.19 12.15 ± 0.10 0.59 ± 0.004 
 Range 
TPE - All LP's          13.64 – 13.91  38.10 – 38.70 10.06 – 12.26 0.50 – 0.60 
EVA/PU          11.91 – 13.86 38.75 – 39.48 4.01 – 6.94 0.19 – 0.36 
Table 10.3 - Dimensional, mass and density data for all LP's 
Average cross-sectional measurements for all LP's were only fractionally lower than specification. Density 
values are discussed in Chapter 11 where they are compared directly with data obtained for conventional 
midsole materials. 
10.4.1.2. Temperature and RH 
Overall, temperature varied between 19.0 - 22.5 °C and during all tests dropped below the lower boundary 
of the target specification (21 °C). RH was typically higher than during conventional midsole material tests 
and varied between 25.0 - 50.0 %. However, without a controlled test environment these fluctuations were 
unavoidable. Chapter 11 provides further discussion. 
10.4.1.3. Loading Profile Parameters 
Figure 10.4 shows average Fmin, Fmax and TFmax for all specimens plotted at 2500 cycle intervals over the 
primary test period. Each data point represents the average of 15 specimens (3 of each LP) and error bars 
represent range. 
Fmin remains within ± 1.2 N of the 100 N target value throughout the test period considering all specimens. 
TFmax is also consistent for the test duration and meets the criterion set in Table 8.3. As in Chapter 9, Fmax is 
seen to drift from its 1250 N target following the initial tuning period, however, unlike for EVA/PU materials 
the trends are consistent for TPE specimens. Whilst individual specimen data is not shown, in all cases a 
steady continual increase in Fmax immediately following the initial tuning period to test completion was 
observed. This issue, relating to the test apparatus control system, is discussed in Chapter 11. 
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Figure 10.4 - Average Fmin, Fmax and TFmax during the primary test for all LP’s 
10.4.2. Compressive and Fatigue Properties 
10.4.2.1. Force-Displacement Profiles 
Figure 10.5 shows average force-displacement profiles at cycles 50 and 125,000 for 8 W (left) and 16 W 
(right) specimens, calculated using the curve averaging method detailed in Section 7.7.2.1. Given the 
proximity of curves, range bars have been omitted for clarity, however, variation between all three 
specimens did not exceed 0.15 mm at any point during the load cycle in either case. 
   
       
Figure 10.5 - Average force-displacement profiles at cycle 50 and 125,000 of the primary test for TPE-8W (left) and TPE-16W (right) 
Compared to EVA and PU profiles shown in Figure 9.6 and Figure 9.7, TPE-8W exhibits a stiffer and more 
linear response during loading (with less differentiation between S1 and S2). These attributes are more 
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pronounced with increased LP as evident from the 16 W data
hysteresis energy as a result of sintering at a higher ED. 
Perhaps a more significant observation
which can be considered representative of shoe life. 
Figure 9.7) demonstrated a substantial leftward shift in the force
narrowing of the hysteresis loop over the primary test period.
these traits, with profiles at cycle 125,000 which ar
The highlighted trends are examined
values derived from the force-displacement data 
operation as well as fatigue performance in relation to conventional 
10.4.2.2. Peak Displacement
Figure 10.6 (left) shows average Dmax
with linear significance (R2 = 0.993).
at cycle 50. Whilst a difference of less than 1 mm exists between the lower limit of the 
material and upper limit of the TPE operating range, EVA
higher than the latter. 
However, this disparity decreases 
illustrated in Figure 10.6 (right). This
primary test period. Average data for 
variants showing greatest and least overall 
Figure 10.6 - Average Dmax at cycle 50 (left) and average D
TPE EVA/PU range
 above, which also highlights some reduction in 
 
 from Figure 10.5 is the apparent stability of TPE over a test regime 
All conventional counterparts
-displacement response as well as a 
 In contrast, TPE specimens
e almost identical to those at cycle 50.
 in detail in the proceeding sub-sections where D
have been used to examine the effect of LP, initial ranges of 
midsole materials
 
 at cycle 50 for each LP. As can be seen, Dmax reduces with increasing LP 
 The grey shaded region represents the Dmax range 
-45 specimens exhibit a Dmax
with cycle number given the superior fatigue performance of
 shows average Dmax for each LP plotted at 2500 cycle interval
EVA-45 and PU-70 materials, which represent the conventional 
change in Dmax respectively, have been plotted
 
 
max vs. cycle number during the primary test (right) for each LP
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 (refer to Figure 9.6 and 
 display neither of 
 
max, S1, S2 and HER 
. 
for EVA/PU materials 
conventional midsole 
 value which is 83.0 % 
 TPE as 
s over the 
 for comparison. 
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All LP's display extremely stable performance over the complete test period
above is maintained throughout and c
variations are quantified in Table 10
the average percentage change over 
also listed in each case, along with EVA/PU 
Material 
Dmax at c50 
(mm) 
 
TPE-8W 3.15 ± 0.05 
TPE-10W 2.94 ± 0.06 
TPE-12W 2.62 ± 0.06 
TPE-14W 2.25 ± 0.11 
TPE-16W 1.97 ± 0.08 
 
TPE - All LP's                     1.88 – 3.21   
EVA/PU                     4.10 – 5.87 
Table 10.4 - Key Dmax values for all LP's 
TPE-8W shows an overall reduction in D
exhibit a small overall increase. Regardless, the magnitude of change reaches a maximum of 3.1 %, whereas 
EVA-45 specimens demonstrated reductions up to 
10.4.2.3. Average Stiffness
Figure 10.7 shows average S1 and S2 
included and the grey shaded regions 
Figure 10.7 - Average S1 and S2 at cycle 50 for each LP
. The linear relationship 
ycle 125,000 values deviate only fractionally from initial
.4 which specifies average Dmax values at cycles 50 and 125,000 
this period for each LP. The absolute range considering all specimens is 
equivalents for comparison. 
Dmax at c125k 
(mm) 
Change in D
xˉ ± σ 
3.08 ± 0.04 
2.97 ± 0.05 
2.66 ± 0.04 
2.31 ± 0.10 
2.02 ± 0.08 
Range 
1.92 – 3.12 
3.25 – 4.45 
max as per conventional midsole materials, conversely
42.5 % under the same conditions.
 
at cycle 50 for each LP. Linear trend lines for each parameter have been 
denote equivalent ranges for EVA/PU materials
 
 the
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noted 
 figures. These 
as well as 
max, c50 - c125k 
(%) 
-2.3 ± 0.4 
1.0 ± 0.6 
1.4 ± 1.0 
2.3 ± 0.9 
2.5 ± 0.3 
-2.6 – 3.1 
-42.5 – -15.0  
, all higher LP's 
 
. 
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S1 values are seen to increase with LP and an R
2 value of 0.975 indicates that lower range stiffness can be 
reliably calculated from LP using: S1 = 33.928LP - 21.771. S2 does not exhibit the same degree of linearity and 
whilst this parameter increases with LP between 12 and 16 W, 10 W specimens display a slightly lower 
average value than those sintered at 8 W. 
Initial operating ranges for TPE are within close proximity of conventional equivalents, but minimal overlap 
occurs. Considering S1, TPE-8W sits fractionally above the upper boundary of EVA/PU operation and TPE-
16W exceeds it by more than 100 %. However, values extend over a range which is more than double the 
magnitude of the five conventional midsole materials tested. In terms of S2, 8 and 10 W specimen values 
coincide with those recorded for EVA-45, however, all higher LP's lie outside the EVA/PU range as evident in 
Figure 10.7 
Figure 10.8 shows average S1 (left) and S2 (right) for each LP plotted at 2500 cycle intervals over the primary 
test period. Average EVA-45 and PU-70 curves have again been included for comparison. PU-70 shows the 
lowest levels of fatigue considering both stiffness parameters. EVA-45 shows the greatest change in terms of 
S1 and has been included for consistency alongside S2 data, despite PU-57 exhibiting a fractionally higher 
change over the test period (refer to Table 9.3). 
  
 
Figure 10.8 - Average S1 (left) and S2 (right) vs. cycle number during the primary test for each LP 
In contrast to conventional midsole materials which exhibited average increases in S1 up to 67.9 %, all TPE 
specimens demonstrate average reductions in lower range stiffness over 125,000 cycles; up to 6.9 %  for 14 
and 16 W specimens. These higher LP's show the greatest stability in terms of S2, however, as is clear from 
Figure 10.8 (right), variation over the test period is low for all LP's and substantially lower than for 
conventional counterparts. Numerical comparisons are made in Table 10.5 which specifies cycle 50, cycle 
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125,000 and percentage change ranges for both stiffness parameters and material types, as well as average 
values for individual LP's. 
Material 
S1 at c50 
(N/mm) 
S1 at c125k 
(N/mm) 
Change in S1, 
c50 - c125k (%) 
S2 at c50 
(N/mm) 
S2 at c125k 
(N/mm) 
Change in S2, 
c50 - c125k (%) 
 xˉ ± σ 
TPE-8W 269 ± 6 263 ± 6 -2.2 ± 0.2 493 ± 4 565 ± 4 14.8 ± 1.4 
TPE-10W 306 ± 9 287 ± 8 -6.2 ± 0.7 485 ± 2 537 ± 0 10.8 ± 0.4 
TPE-12W 364 ± 14 340 ± 8 -6.4 ± 1.4 509 ± 5 546 ± 3 7.3 ± 0.8 
TPE-14W 452 ± 32 421 ± 28 -6.9 ± 0.8 551 ± 19 575 ± 14 4.3 ± 1.2 
TPE-16W 536 ± 29 499 ± 29 -6.9 ± 0.4 615 ± 18 628 ± 17 2.2 ± 0.3 
 Range 
TPE - All LP's    262 – 569  257 – 532 -7.9 – -2.1  483 – 636  537 – 648 1.9 – 16.4 
EVA/PU    117 – 251 175 – 242 -3.8 – 74.2 246 – 487 421 – 813 52.6 – 71.0 
Table 10.5 - Key S1 and S2 values for all LP's 
10.4.2.4. Hysteresis Energy Ratio 
Figure 10.9 shows average HER at cycle 50 for each LP and the grey shaded region represents the range 
exhibited by EVA/PU materials. 
 
Figure 10.9 - Average HER at cycle 50 for each LP 
TPE force-displacement profiles presented in Section 10.4.2.1 revealed narrow hysteresis loops, therefore 
indicating an elastic response where the majority of Ea is returned to the driven assembly of the test 
apparatus upon unloading. This is the case for every LP, with average HER values below 0.20 in all cases and 
minimal variation between them. 
Whilst TPE-8W performs similarly to EVA-45 (which represents the lower boundary of the conventional 
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midsole material range), typically TPE 
materials, as is clear from Figure 10.9
Fatigue characteristics in view of HER are quantified in 
percentage changes over the test period, as per tabulated data presented 
Performance is again more consistent for TPE; all L
cycles up to a maximum of 11.9 %, which is lower than 
Material 
HER at c50 
(no unit) 
 
TPE-8W 0.19 ± 0.003 
TPE-10W 0.18 ± 0.001 
TPE-12W 0.17 ± 0.002 
TPE-14W 0.16 ± 0.004 
TPE-16W 0.15 ± 0.005 
 
TPE - All LP's                     0.15 – 0.19 
EVA/PU                     0.24 – 0.69 
Table 10.6 - Key HER values for all LP's 
10.4.2.5. Compression Set 
Figure 10.10 shows average compression set
been calculated from the point Fminor
the instantaneous level of residual deformation resulting from the loading regime at this time
shaded region denotes the compression set
Figure 10.10 - Average compression set immediately following primary test completion for each 
permanently absorbs a much smaller portion of 
. 
Table 10.6 which specifies values at key cycles and 
in previous sub
P's exhibit a reduction in HER between initial and final 
all EVA/PU values. 
HER at c125k 
(no unit) 
Change in 
xˉ ± σ 
0.17 ± 0.003 
0.16 ± 0.001 
0.15 ± 0.003 
0.14 ± 0.003 
0.14 ± 0.002 
Range 
0.14 – 0.17 
0.18 – 0.54 
 at the end of the primary test period 
 was reached immediately following cycle 125,000 and hence re
 range for conventional midsole materials
LP 
 the
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Ea than EVA/PU 
-sections. 
HER, c50 - c125k 
(%) 
-11.5 ± 0.3 
-9.7 ± 0.8 
-10.3 ± 0.7 
-10.6 ± 1.2 
-7.6 ± 1.8 
-11.9 – -5.5 
-34.3 – -12.5 
for each LP. Values have 
present 
. The grey 
. 
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All TPE specimens exhibit low levels of compression set, ranging between 3.3 - 9.0 % and decreasing linearly 
with increasing LP (R2 = 0.981). Whilst TPE-8W values are comparable with PU-70, all remaining TPE 
specimens sintered at higher LP's demonstrate compression set lower than all conventional counterparts. 
Post-test recovery of thickness for TPE specimens is covered in Section 10.4.3.1. 
10.4.2.6. Visual Inspection 
All specimens were examined post-primary test once removed from the test apparatus. Figure 10.11 shows a 
TPE-8W specimen pre-test, and the same specimen as well as a 16 W equivalent post-test. With the 
exception of the fractional reduction in specimen thickness discussed in the previous section, neither of 
these nor any other TPE specimens exhibited any signs of catastrophic failure (e.g. cracking) resulting from 
the 125,000 cycle test. 
 
 
 
Figure 10.11 - A TPE-8W specimen pre-test (top left), the same TPE-8W specimen post-test (bottom left) and a TPE-16W specimen 
post-test (right) 
10.4.3. Time Dependent Recovery Properties 
10.4.3.1. Recovery of Specimen Thickness 
Figure 10.12 shows average compression set at the end of the primary test period (0 hours) and after 48 
hours of recovery for each LP. Zero hours translates to the point Fminor is reached immediately following cycle 
125,000 and therefore compression set has been calculated from test apparatus displacement data. 48 hour 
values relate to manual digital indicator measurements. 
All specimens show minor reductions in compression set over the recovery period, regaining between 0.3 
and 2.3 % of their original thickness. Whilst this is less than for conventional midsole materials, TPE 
specimens typically displayed lower levels of residual deformation after 48 hours; ranging between 3.0 - 6.9 % 
compared to 3.3 - 14.8 % for conventional midsole materials. 
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Figure 10.12 - Compression set at 0 and 48 hours after primary test completion 
10.4.3.2. Recovery of Mechanical Properties 
Figure 10.13 shows average Dmax values at cycles 50 and 125,000 during the primary test and cycles 50 and 
5000 during the secondary test for each LP. 
 
Figure 10.13 - Average Dmax at various cycles during primary and secondary tests for each LP 
Only fractional differences exist between all stages of the test regime considered. The minimal nature of 
variation in this property (which also applies to S1, S2 and HER although data is not shown here), suggests 
that TPE would perform at a similar level during subsequent loadings. Further testing would be required to 
establish the number of cycles that the material can endure before substantial changes in key mechanical 
characteristics begin to occur. 
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10.5. Summary 
The dynamic test method developed in Chapters 7 and 8 and used to benchmark conventional midsole 
material properties in Chapter 9, was successfully implemented to establish the same property set for 
equivalent TPE specimens sintered at a range of LP’s. 
Key test parameters were again compared with their target values defined in Table 8.3 and were found to be 
within acceptable limits during all tests, therefore validating comparisons between the various materials 
tested. Average specimen thickness was higher than specification (considering all LP's) and during some tests 
temperature in the laboratory dropped below the lower boundary of the target range taken from ASTM F 
1614. However, variations in these parameters were to a large extent uncontrollable. 
Force-displacement data from each test was analysed to determine the effect of LP, initial operating ranges 
and fatigue traits, considering displacement, stiffness and energy characteristics. Direct comparisons were 
made with equivalent EVA/PU data from Chapter 9. 
Increased LP resulted in reduced Dmax and increased S1 with linear significance. S2 was also found to increase 
with LP, although the linear fit between the two variables was less strong. Furthermore, LP had minimal 
effect on HER. 
Overall, TPE specimens yielded a stiffer and more elastic response than conventional midsole materials, 
however, initial operating ranges (cycle 50) were within relatively close proximity considering all parameters 
assessed. Additionally, operating ranges became more closely matched between the material groups with 
cycle number, owing to the superior fatigue behaviour of the TPE.  
Fatigue was assessed considering overall change in Dmax, S1, S2 and HER over the primary test period as well 
as compression set immediately proceeding cycle 125,000. Excluding a few instances where PU-70 
demonstrated comparable performance, TPE showed levels of fatigue which were considerably lower in 
magnitude than conventional counterparts in view of all parameters and regardless of LP.  
In addition, TPE specimens exhibited fractional increase in thickness over the 48 hour recovery period and 
secondary tests indicated that the material would likely retain very similar levels of mechanical performance 
in subsequent loadings of the same type. 
TPE displayed highly repeatable mechanical performance between specimens of the same LP, therefore 
indicating low levels of variability between parts built at the same z height within the build volume. 
However, specimens were not produced at the extremes of xy position, in which case potential reduction in 
the uniformity of the temperature distribution during sintering may lead to greater variation in these 
characteristics. 
 Chapter 10    Laser Sintered TPE 210-S; Assessment of Compressive, Fatigue and Time Dependent Recovery Properties and the
  Effect of Laser Power 
 
 
 
 
 
131 
The findings outlined above are examined further in the following chapter which discusses results from all 
experimental chapters collectively and draws key conclusions. 
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Chapter 11 
11. Discussion and Conclusions 
Discussion and Conclusions 
This chapter provides a discussion of all experimental work carried out in the thesis, considers to what 
extent the research aim (outlined in Chapter 5) has been achieved and specifies the primary conclusions to 
be gained from the research. No previously unreported data is presented in this chapter, however, some 
additional graphical figures have been used. 
Whilst the new dynamic test method developed as part of the research was successfully employed to 
establish the long-term mechanical performance of a selection of conventional midsole materials and TPE 
specimens produced at a range of LP's, some minor issues were present that if addressed would improve any 
further research. Most notably was the variation in Fmax during tests which is discussed below. 
Preliminary tests established the importance of setting tuning parameters (tuning value and GF) according to 
the stiffness of the test material, in order to achieve adequate replication of the target force-time function. 
In particular, the need to adjust GF on an individual specimen basis to achieve target Fmax was identified, 
however, this could only be done manually and therefore adjustments were impractical beyond the initial 
tuning period of each test (first 2000 cycles). Whilst the exact workings of the control system are unknown, it 
would appear that subsequent changes in specimen stiffness with cycle number resulted in Fmax deviating 
from its target value. The TPE data confirms this to some extent as a more stable Fmax trace was seen with 
the more consistent mechanical performance of these specimens.  
Despite discussion with the equipment manufacturer no work-around was possible. The inability of the test 
system to automatically regulate waveform amplitude when implementing a custom force-time profile 
caused some inconsistency between tests. However, apart from one PU grade which was omitted from 
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analysis, loading profile parameters were deemed to remain within acceptable tolerances for all test 
specimens over the test duration. Chapter 12 provides recommendations to address this problem. 
A further resulting limitation was the inability to compare data from the first cycle of each test. Cycle 50 was 
considered the initial cycle in all cases. Comparison of data from the outset would have been preferable, 
especially considering the preliminary loading frequency investigation, where cycle 50 represented a more 
advanced state of deterioration for specimens subjected to the higher loading frequency condition. 
A possible additional shortcoming of the test method was the lack of environmental control, however, 
temperature was monitored throughout tests and found to deviate only minimally from the target 
specification (23 ± 2 °C). In conventional midsole material tests it rose fractionally above the upper boundary 
of this range and during TPE tests dropped below the lower limit by a maximum of 2 °C. Whilst temperature 
is known to significantly affect the properties of polymer foams, examination of the data in a study by 
Kleindienst et al (212) assessing the compressive properties of various midsole foams at temperatures 
ranging from -20 to 40 °C, suggests that the fluctuations outlined above would have negligible impact on the 
mechanical properties recorded. Use of an environmental chamber could be investigated, but the 
requirement for much larger test fixtures to facilitate testing within the chamber would certainly limit the 
dynamic capabilities of the test apparatus and therefore attainment of the defined loading conditions. 
Chapter 9 reported the compressive, fatigue and time dependent recovery properties of various grades of 
EVA and PU midsole foams supplied by New Balance and representative of the range used in production. 
Differences in mechanical properties between grades of the same material resulted primarily from variation 
in density of the polymer matrix, whilst differences between EVA and PU were due to polymer differences as 
well as the different microstructure formed during the foaming process. This is evident in Figure 11.1 which 
shows SEM images of cross-sections through EVA-45 (top left) and PU-57 (top right) samples. Scale and 
magnification details are present within each image. For imaging, small samples (approximately 10 x 10 x 2 
mm) were cut using a scalpel from the corners of fresh test specimens as indicated in Figure 11.2. 
All conventional midsole materials showed overall average reductions in Dmax, increases in S1 and S2, and 
therefore a decrease in Ea over the primary test period. This behaviour is consistent with the findings of 
previous studies (181,183) and results from deformation of the polymer matrix (preferred creases/hinges 
form in the cell walls) which is unable to completely recover elastically between consecutive load impulses. 
Some plastic deformation of the polymer structure will also occur even within the elastic limits of the 
material due to statistical variation in orientation of the molecular chains, i.e. some will be orientated such 
that they are broken immediately. This phenomenon, known as the Mullins effect, accounts for greater 
degradation of the mechanical properties in the early stages of the test regime. A further fatigue mechanism 
is diffusive gas loss from the polymer cells. PU grades displayed more stable performance and suffered less 
from compression set at test end. This was also consistent with the reports of others (172,213). 
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Figure 11.1 - SEM images of cross-sections through EVA-45 (top left), PU-57 (top right), TPE-8W with higher magnification inset 
(bottom left) and TPE-16W with higher magnification inset (bottom right) 
 
 
Figure 11.2 - SEM sample preparation 
The aforementioned changes in mechanical response with repeated loading cause a reduction in impact 
attenuation performance. Unless these changes can be perceived by the athlete and kinematic adaptations 
2 mm 
10 mm 
10 mm 
Image surface
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made to compensate (as described in Chapter 4), an increase in the forces and rates of loading they 
experience could be expected to occur over the course of a run, therefore potentially increasing the risk of 
injury. 
Considering shoe life, variation in mechanical properties would depend upon usage characteristics, as 
despite considerable levels of compression set at the end of the primary test period (up to approximately 27 
% in the case of EVA-45), all conventional midsole materials demonstrated recovery over the proceeding 48 
hour period where specimens were left at rest in the test environment. Specimens recovered to within 3.3 to 
14.8 % of their original thickness driven by the restorative effect of the cell internal gas pressure. Data from 
the proceeding secondary test indicated restoration and maintenance of mechanical properties above the 
pre-recovery level in subsequent loadings.  
Compression set versus time data showed that for PU materials the majority of total measured recovery 
occurs rapidly following test completion and therefore in the context of a midsole, short recovery periods 
between uses would be adequate. In contrast, EVA recovery (especially considering softer variants) is more 
gradual, so overnight or longer recovery stints between shoe uses would be needed to provide maximum 
benefit. 
Regarding TPE specimens, reduced LP caused increased Dmax and decreased S1 and S2. Lower LP (and 
therefore ED) results in a lower degree of particle-to-particle bonding and therefore higher porosity. Whilst 
for PA materials this is typically considered negative, in this case it could be utilised advantageously to 
facilitate greater compliancy. 
Dmax and S1 were found to vary across the 8 - 16 W processing window with linear significance. This 
represents an ideal scenario considering the design of a single-piece LSE midsole (as presented in Chapter 4), 
potentially facilitating a simple means for local mechanical property manipulation to suit the functional 
requirement of different areas of the component. However, the mechanical property range (considering 
Dmax, S1 and S2) did not overlap with that of conventional midsole materials as shown in Figure 11.3, which 
shows force-displacement loading curve ranges for all variants of each material type tested at cycles 50 and 
125,000 of the primary test period. 
Even at the lowest LP (8 W), TPE specimens demonstrated a stiffer response compared to both EVA and PU 
materials. The porosity in the TPE was not such to allow sufficient collapse of the random polymer structure 
(refer to Figure 11.1, bottom left and right) and cause a significant plateau region in the force-displacement 
profile; densification was reached relatively quickly and considering the specimens produced at the highest 
LP (16 W) the loading curve was almost perfectly linear. 
Without further intervention to alter compressive properties (discussed below), the TPE would unlikely offer 
the required levels of impact attenuation in the context of a midsole. Most probably, increased GRF 
magnitude and rate of application 
construction. Considering such testing, it may be that kinematic adaptations in response t
stiffness of the TPE may be able to mask differences, however, it is unlikely that these adaptations could be 
satisfactorily maintained as the athlete becomes
Figure 11.3 - Force-displacement loading curve ranges at cycle 50 (left) and cycle 125,000 (right)
LP, across the range investigated, was found to have
less than 0.20. Energy is absorbed dur
structure (given that the un-infiltrated TPE is akin to an open
minimal), with the majority of this energy returned upon unloading. In this resp
like an EVA than a PU foam. Whilst 
midsole during foot-strike is unlikely to directly 
known to be preferable in view of a
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that the TPE compressive properties can be matched with those of conventional midsole materials. Further 
work should focus on how this can be achieved in view of specimens tested using the dynamic method. It 
should examine the ability to successfully sinter functional parts at lower ED's (perhaps incorporating SS, BS 
and LP build parameters) as well as implementation of geometry using the unit cell design approach outlined 
in Chapter 7.  Chapter 12 provides additional details relating to further research in these two areas. 
TPE demonstrated the ability to be repeatedly compressed and rebound under the loading conditions 
implemented with minimal fatigue effects and low levels of residual deformation upon primary test 
completion. This is highlighted in Figure 11.3 which shows how the force-displacement loading curve range 
hardly varies over the 125,000 cycle regime, becoming more closely matched with those of EVA and PU 
materials, both of which shift leftward and narrow significantly. For TPE specimens, average variation in any 
compressive parameter (Dmax, S1, S2, HER) did not exceed ± 15 % regardless of LP. In view of a midsole, such 
consistent performance over the course of a run/shoe life is ideal.  
However, it needs to be reiterated that deformations of TPE specimens were lower than conventional 
counterparts under the same loading conditions and steps to increase the material compliancy (outlined 
above) may result in greater fatigue effects and permanent deformation/damage to the network of bonded 
polymer particles. Given the effective open-cell structure of TPE (and without the restorative effects of 
internal gas pressure as in closed-cell foams) recovery to the same degree as seen in EVA/PU materials 
would not be expected. Fatigue aspects would need to be assessed alongside further work investigating 
extension of the compressive property range. 
Approximate density was calculated for all materials using dimensional and mass measurements taken prior 
to testing. With a range of 0.50 - 0.60 g/cm3, TPE specimens were considerably denser than EVA/PU 
equivalents which spanned 0.19 - 0.36 g/cm3. Given the significance of shoe mass in view of athletic 
performance as described in Section 4.5.2, reduction of TPE density would be critical considering a functional 
midsole/midsole component. Reductions in ED and implementation of geometry would naturally decrease 
the range recorded here for ‘solid’ specimens produced within the standard LP processing window, hence  
density should be considered simultaneously with compressive properties in any further study. More 
detailed recommendations are suggested in Chapter 12. 
The aim of this research was to investigate the previously unreported compressive fatigue properties of an 
LSE material sintered at a range of LP's using a dynamic test method which simulated loading conditions 
during running, and assess its viable use for running shoe midsole applications by comparison of the data 
with that obtained for a selection of conventional midsole materials subjected to the same test. The extent 
to which this has been achieved is outlined in the following primary conclusions. These are valid only within 
the ranges tested and cannot be classed as applicable outside of these ranges. 
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1. Varying ED during sintering by adjusting only LP directly influences the compressive properties of TPE 
specimens. Increasing LP results in reduced displacement and increased stiffness with strong linear 
relationships. LP variation between 8 - 16 W enables up to two fold changes in these properties and 
therefore offers the ability to tune the mechanical response and manipulate local mechanical properties 
within a single material part; a useful attribute considering the design of a midsole component. 
 
2. Whilst operating ranges (considering displacement, stiffness and energy characteristics) are within 
relatively close proximity of EVA and PU foams representative of the range currently used in production 
midsoles, TPE specimens sintered across the aforementioned LP range yield a stiffer and more elastic 
response. Such properties could be utilised in certain areas of the midsole, however, the TPE would be 
unlikely to provide adequate impact attenuation performance without further intervention to adjust its 
compressive response (refer to point 4). 
 
3. TPE specimens exhibit minimal fatigue effects and low levels of compression set (superior to 
conventional midsole materials) under continuous cyclic loading representative of heel-strike over a 
regime mimicking shoe life.  In addition, no visible catastrophic damage (e.g. cracking) of the material 
occurs. In this respect, TPE proves viable for midsole applications or indeed use in other applications 
where the ability to repeatedly absorb and return energy is required. 
 
4. Further work should focus on extension of the compressive property range (to match or exceed that of 
EVA and PU foams) by further investigation of energy density parameters and utilisation of the design 
freedom afforded by LS to implement geometry into specimens. Subsequent effects on fatigue and 
density should be considered simultaneously using the methods developed here (perhaps with some 
minor modification to address the issues highlighted in the discussion above). 
The following chapter covers recommendations for further work in more detail. 
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Chapter 12 
12. Recommendations for Further Work 
Recommendations for Further Work 
12.1. Overview 
This chapter covers a selection of further work recommendations. Some build upon aspects of the thesis that 
could benefit from additional investigation, whilst others relate to new areas of study which fell outside the 
scope of this research. Suggestions are primarily directed towards understanding and developing LSE 
mechanical performance in view of a functional midsole with locally customisable mechanical properties as 
previously presented in Chapter 4. However, work in the suggested areas would increase the body of 
knowledge relating to this material group generally and not only for footwear applications. 
Recommendations are presented in the order in which they would logically be conducted. 
12.2. Test Method Precision and Repeatability 
Issues with achieving target Fmax accurately for the complete test period were encountered in testing both 
conventional midsole materials and TPE as highlighted in Sections 9.4.1.3/10.4.1.3 and discussed in Chapter 
11. Furthermore, these issues resulted in data for one PU material being omitted from the study. 
Whilst manual GF adjustments could be made to regulate Fmax, a feedback loop which compared actual and 
target values on a per cycle basis and made these modifications automatically in order to maintain this 
parameter, would be an invaluable addition to the control software. Such a feature would significantly 
improve the precision and repeatability of tests, especially in view of high cycle number fatigue regimes as 
implemented here. Furthermore, it would help ensure the validity of all test data, regardless of a material's 
response to loading. Further work in conjunction with the test apparatus manufacturer could perhaps 
explore implementation of such a system. 
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12.3. Effects of Energy Density 
Section 3.6.1.2 explained how the ED supplied to the powder particles during sintering is a function of three 
laser parameters; LP, SS and BS. In this study only LP was varied. Specimens produced at the lowest LP (and 
therefore ED) demonstrated fatigue performance in line with higher LP's and superior to most conventional 
midsole materials. Furthermore, these specimens showed no signs of delamination or other visible damage 
resulting from the 125,000 cycle loading regime. 
Consequently, manufacture at lower ED’s should be investigated. A study involving all three laser parameters 
could be conducted, with the objectives of: establishing the feasible ED range across which specimens can be 
successfully manufactured, the significance of each parameter in terms of effect on key mechanical 
properties and finally, the degree to which operating ranges considering these properties can be extended 
prior to the addition of geometry as discussed in the following section. 
12.4. Geometry Implementation  
It seems unlikely that ED variation alone would facilitate extension of the TPE mechanical property range to 
match/exceed that exhibited by conventional midsole materials. As such, the next logical step would be to 
utilise the geometric freedom afforded by the LS process. This would form a primary focus of further work. 
Objectives would be to expand the mechanical property range across which a single LSE is able to operate; 
increasing peak displacement and reducing stiffness, ideally without significant impact on fatigue 
performance.  
Initial studies could consider a very simplistic sizing optimisation as depicted in Figure 12.1 (a), whereby the 
diameter of a single hole passing through the centre of the unit cell geometry is modified, perhaps based on 
percentage volume fraction. This type of optimisation might be increased in complexity by addition of 
further variables on the same axis and/or multiple axes as shown in Figure 12.1 (b) and (c) respectively. 
 
 
Figure 12.1 - Example approaches to geometry implementation and optimisation using a unit cell design method 
Ø1 
Ø1 
Ø3 
Ø2 
Ø1 
Ø2 
Ø3 
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Such approaches would provide a starting point for investigating geometry implementation and may 
consider only specimens produced at a single ED. Work could move toward full topology optimisation and 
simultaneous consideration of ED and geometry to achieve the desired mechanical response whilst 
controlling density within set limits. 
Subsequent effects on fatigue behaviour would also need to be examined alongside any geometry study 
using the test method developed here. Utilising the unit cell approach detailed in Section 7.6.2.1 ensures 
applicability beyond footwear. 
12.5. Other Loading Modes 
It was acknowledged in Chapter 7 that the chosen test method provided a simplified version of heel-strike 
loading and that in service the midsole material would experience horizontal as well as vertical force 
components. Assuming a continued focus on the use of LSE's for midsole applications, further work could 
explore use of a more complex loading scenario which takes account of these additional forces and 
facilitates assessment of the material's response to shear loading. 
This could be achieved through development of the current method, for example, a wedged platen 
arrangement as illustrated in Figure 12.2 could be used to simultaneously impart both force components. 
The platen angle (θ) and magnitude of applied vertical force (F) could be optimised to create realistic 
loading. Alternatively, a separate method could be developed to examine horizontal loading independently. 
 
 
 
 
 
Figure 12.2 - Wedged platen design facilitating simultaneous application of multiple GRF components 
In addition to compressive and shear, flexural loading would also need to be considered to more comprehe- 
θ 
Force (F) 
Load cell 
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-nsively understand application of LSE's within a footwear context. This has not been considered in any 
capacity. Whilst no ASTM method for flexural properties specifically exists for midsoles, using the same 
apparatus, suitably designed fixtures and biomechanics data to define test parameters, a new method could 
be developed which again simulated in-service use. 
12.6. Other LSE's 
TPE 210-S was one of only two commercially available LSE's at the time this research was conducted. A third 
material named PrimePart ST has since been released by LS machine manufacturer EOS. This new material 
claims to provide 100 % dense parts (without the use of infiltrants) and could perhaps facilitate new 
approaches to achieving the desired mechanical response; for example, air pockets could be designed into a 
part/structure. 
Further work could be directed towards investigating such alternatives, or indeed sintering of non-
commercial elastomeric powders which may offer superior mechanical properties/performance given 
specific applications. Considering the latter, significant work may initially be required to establish suitable 
sintering parameters or in fact whether successful sintering can be achieved at all. 
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TPE 210-S Data Sheet 
 
 
MATERIAL PROPERTIES TEST TPE 210-S 
 
Density, Bulk ASTM D1895 0.37 g/cc 
Particle Size 
d90 Laser Diffraction 90 – 130 µm 
d50 Laser Diffraction 75 – 85 µm 
d10 Laser Diffraction 20 – 40 µm 
Specific Gravity (20 ºC) ASTM D792 1.03 g/cc 
THERMAL PROPERTIES TEST TPE 210-S 
 
Melting Point ASTM D3418 178 ºC 
Melt Flow Rate (180 sec., 2.16kg, 190 ºC) ASTM D1238 15.5 g/10 min 
TYPICAL PART PROPERTIES TEST TPE 210-S 
Tensile Modulus ASTM D 638 4.8 – 8.3 MPa 
  700 – 1200 psi 
Tensile Elongation to Break 90 – 250 % 
Abrasion Resistance 
Taber, H-18 wheel, 1kg load ASTM D 4060 535 mg/1000 cyc 
Hardness, Shore “A” 23 ºC ASTM D 2240 40-60 
 
 
 
 
 
 
 
 
 
 
 
 
 
Warranty/Disclaimer:  Actual part properties may vary significantly from those listed above based on 
processing parameters, operating conditions, and material usage. Advanced Laser Materials, LLC makes no 
warranties of materials for any particular application, nor does it make a warranty of any type, expressed or implied, 
including, but not limited to, the warranties of merchantability for a particular purpose. 
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